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1Introduction and summary
The ease with which healthy human beings perform everyday motor tasks contrasts 
strongly with the complexity and our lack of understanding of the underlying motor 
processes and the neurobiology of the motor system. A daily activity such as reaching for 
an object is performed effortlessly, but under close scientific inspection or when 
movement is affected by trauma or disease, the tremendous complexity of even the 
simplest of movements becomes apparent.
Given the complexity of motor behavior, the abundance of theories on motor behavior 
comes as no surprise. Ranging from cybernetics through cognitive motor theory, and from 
system dynamics to robotics and connectionism, many ideas have evolved and many 
scientists have exerted their influences. By studying, among other things, the kinematics 
of healthy and impaired movements, i.e., the spatial and temporal characteristics of 
movements, scientists aim at contributing to our understanding of how our motor behavior 
comes about. Especially when something goes wrong with the motor apparatus we are 
given the unique opportunity to observe which aspects of movement control become 
impaired. We can then try to relate these aspects to possible underlying motor processes. 
A statement made by one hemiparetic participant who participated in the experiments 
reported in this thesis, may be exemplary for the disordered motor control in spastic 
hemiparesis. This participant stated ‘my arm does not do what I tell it to do’. Questions of 
interest then become ‘exactly what doesn’t it do?’ and ‘exactly what does it do?’. It is in 
this context that in this thesis several studies are reported on the disordered motor control 
observed in hemiparetic cerebral palsy. The studies are not concerned with the actual 
disorder, i.e., the neurological and physiological issues, but rather with the disordered 
motor control itself. A unique feature of some of the experiments is that specifically fast 
arm movements were studied. Furthermore, the experimental paradigm used in these 
studies allowed us to examine how perceptually specified information is incorporated into 
action.
This thesis is composed of four chapters which cover international publications 
resulting from several years of experimental work on the kinematics of healthy and in 
particular hemiparetic arm movements. In this first chapter a brief introduction is given to 
the field of motor control, the experimental paradigm employed and hemiparetic cerebral 
palsy as the specific disorder under investigation. Also an overview and summary of the 
specific research questions and findings of the thesis is given. Where necessary these
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questions and findings are placed into context by short accompanying paragraphs on 
theoretical issues and some definitional and explanatory sections.
Motor control: observations, problems and explanations
Unicity and storage problem
An influential theory about human motor behavior is the theory of motor programs. A 
motor program can be viewed as a prestructured set of central commands capable of 
carrying out movements essentially open-loop (Schmidt, 1975, 1988). However, each 
movement is unique, not just at the behavioral level but also at the level of muscle 
activation where no two activation patterns are the same. It is in this light that the theory 
of motor programs becomes inadequate as an explanation of human motor behavior. If 
there were to be a single motor program for each motor act, the number of motor programs 
needed would be excessive. This would put an unimaginable load on the storage capacity 
of the brain. Furthermore, the theory of motor programs lacks an explanation of how new 
movements come about.
Because of these problems the notion of generalized motor programs was developed. 
According to this notion, a motor program for a whole class of movements is stored in 
memory but a unique pattern of activity will result when the program is executed 
(Schmidt, 1988). Now certain parameters must be supplied to the motor program which 
define exactly how the motor program has to be executed. Although this approach solves 
the unicity problem and with it the storage problem, additional problems remain with 
respect to the number of parameters, interactions between parameters and with the relative 
phasing and sequencing of units of motor behavior. It is to this problem that we now turn.
Serial order and coordination problem
Another major issue in the study of motor behavior is how we control the serial order of 
our behaviors (Rosenbaum, 1991). It appears that complex plans govern our movement 
sequences, not only determining the order in which movement parts are executed but also 
shaping the smooth transitions generally observed in healthy movements. Additionally, 
concurrently moving effectors have to be coordinated smoothly in space and time to 
guarantee successful task performance. How smooth coordination of many effectors at the 
same time comes about is at the heart of motor control research. Correctly sequencing and 
coordinating movement parts and performing smooth movements, however, does not 
always come about naturally. For a large part it is clear that smoothly sequencing and 
coordinating movement parts is something that has to be learned.
Skill acquisition problem
Just how skills are acquired has been and remains a fundamental problem in the field of 
motor control. Actually, several sub-questions can be formulated that are at the heart of
2
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the skill acquisition problem. First, to what extent are skills innate and to what extent are 
they acquired? Next, just how are skills acquired and can they be unlearned? How quickly 
can a skill be learned, and does continued practice cause improvement? All of these 
questions (and several more) have been the topic of investigation for many scientists 
operating in the field of skill acquisition, however, since skill acquisition is not the 
specific topic of investigation of the present thesis, no elaborate attention is given to this 
problem here.
Perceptual motor integration problem
A topic that is of importance to the present thesis is the problem of perceptual motor 
integration. Of the majority of our motor acts perception forms an integral part. 
Furthermore, the observation that perception aids movement and movement enhances 
perception demonstrates the interwoveness of these systems. Clear examples are the use of 
visual feedback in our motor acts and the striking phenomenon that vision requires the 
eyes to move. A central theme that accompanies the perceptual motor integration problem 
is the question in which coordinate system the two systems operate. Movements can be 
organized with respect to either a body centered or an environment centered coordinate 
system.
Degrees of freedom problem
A common theme for everyone engaged in the study of human motor behavior is the so 
called ‘degrees of freedom problem’. In the strict kinematic sense, degrees of freedom are 
the smallest number of independent parameters required to specify the position of the 
segments of the effector system, without violating any kinematic constraints. For example, 
to uniquely specify the configuration of the arm, at least seven coordinates are required. 
When these coordinates are known the unique position of the hand in space can be 
calculated. In contrast, when the position of the hand in space is known an infinite number 
of associated arm configurations remains possible. Still, whenever we intend to place our 
hand somewhere in space the human motor system solves the problem of finding a single 
arm configuration from this infinite set of possible configurations. Herein lies the 
problem. Just how does the human motor system come to this solution?
Whose problem is it?
From the previous paragraph it is clear that the degrees of freedom problem is not a 
problem for the human motor system since it is obviously capable of finding solutions 
time and again. Rather, the degrees of freedom are a problem for the scientist trying to 
figure out how the motor system finds the unique solutions. The difficulty gets even worse 
when we realize that finding the arm configuration that specifies a position of the hand in 
space is only part of the problem. Besides having to reach a stationary end-configuration, 
the hand is also displaced in time and the path that the hand follows is another example of
3
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a degrees of freedom problem, i.e., an infinite number of possible hand paths are available 
to the motor system, all of which lead the hand to the same position.
Approaches to solve the degrees of freedom problem
Several approaches have been formulated to provide solutions to the degrees of freedom 
problem. Of course it must be mentioned that although an infinite number of possibilities 
exist, there are also configurations that are simply not possible given the biomechanical 
constraints of the motor system. These limitations, such as maximum forces that can be 
generated and maximum ranges of motion of joints, restrict the number of possibilities and 
thereby limit the ‘problem’. Also, synergies that exist between muscles, joints and limbs 
restrain the number of possible movements even further. Such synergies, for example, are 
the result of bi-articular muscles and couplings between fingers. Furthermore, neural 
couplings, like reflex arcs also exist. All of these inherent properties and limitations 
simplify the degrees of freedom problem. Still, the resultant set of possibilities remains 
infinite and yet other principles have been suggested to cope with the abundance.
Another, tentative solution that deserves special attention, given some of the 
experiments described in this thesis, is the equilibrium point theory (Feldman, 1986). It is 
suggested that movement may be the dynamical result of the spring-like properties of the 
muscles. A central command sets the appropriate (arm) muscle rest lengths and the 
inherent spring-like properties of the muscles propel the arm to the equilibrium position 
implied in these rest lengths and the corresponding force-length relations. This approach 
deals effectively with finding a unique trajectory for the hand (although it does not solve 
the problem of finding the appropriate end-configuration of the arm). Two inherent 
properties of equilibrium point movements are especially important. First, whenever the 
appropriate muscle rest lengths are set, the arm will smoothly propel to the equilibrium 
position despite any disturbances during the movement. Even when the arm is pushed out 
of its trajectory, the final position that the hand attains will remain unchanged. Therefore, 
such movements are called stable, which is a key feature of healthy human arm 
movements. Second, suppose that during the movement the equilibrium point is changed 
or shifted. Then the movement will also change, giving rise to a fluent transition toward a 
new trajectory and eventually the new equilibrium point will be reached. Healthy people 
are very well capable of displaying such flexible behavior. Actually, such flexibility is the 
counterpart of the stable movements just mentioned. Movement stability and movement 
flexibility are indeed prime characteristics of human motor behavior and they co-exist like 
two sides of one coin. Questions related to these concepts will be addressed in the 
experiments reported in chapters 4 and 5 of this thesis. The specifics of these questions, 
the methodology used, and the main findings are reviewed later in this chapter.
Resuming the discussion of the principles that have been put forward to deal with the 
degrees of freedom problem, it is clear that many principles have been put forward. Two 
principles that have been suggested to resolve the issue of how arm movements from a
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starting point to an endpoint can be determined and executed (finding a unique trajectory) 
will be addressed here specifically, because they were the point of departure for the first 
experimental study reported in this thesis. Below the summary is given of specific 
research questions and findings upon which this thesis is based.
Straight smooth lines
Straight, smooth lines in workspace
A central observation that can be made whenever healthy humans reach for an object is 
that they generally do so in a manner whereby the hand path follows a straight line in 
workspace. It has been suggested that invariant characteristics of movements, such as 
moving the hand along a straight line in space, provide insight into the principles and 
processes that govern human movements (Bernstein, 1967). Indeed, movements of the 
hand in the horizontal plane generally follow straight-line paths, despite variations in 
movement speed, movement amplitude, direction and orientation in the workspace 
(Morasso, 1981; Abend, Bizzi & Morasso 1982; Atkeson & Hollerbach, 1985; Flash & 
Hogan, 1985; Hogan, 1984). These findings, and the observation that movements are 
generally smooth and typically have a bell-shaped velocity profile, have led to the 
minimum-jerk model as presented by Hogan (1984) and elaborated by Flash and Hogan 
(1985). According to this model, the mean square of the rate of change of acceleration, or 
jerk, is minimized during motion. However, since hand displacements do not always 
follow perfectly straight lines, the minimum-jerk model does not account for all aspects of 
point-to-point aiming movements. Flash and Hogan (1985) suggested, nevertheless, that 
moving in a straight line is an invariant kinematic plan, or coordinative rule, something 
the motor system strives for. Although deviations from straight-line movements in aiming 
tasks have indeed been demonstrated (Haggard & Richardson, 1996) and point-to-point 
aiming movements in the sagittal plane appear to be curved in certain parts of the 
workspace (Atkeson & Hollerbach, 1985), the phenomenon is to be regarded as relatively 
robust.
Straight, smooth lines in joint space
Besides the principle of straight lines in workspace, yet another principle has been 
suggested. Rosenbaum, Loukopoulos, Meulenbroek, Vaughan and Engelbrecht (1995) 
developed a model for the planning and reaching of movements in which it is argued that a 
straight-line movement in joint space may constitute an important principle of movement 
execution. Rosenbaum et al. presume that a target posture, not a trajectory, is specified 
during motion planning. Once the target posture has been determined, a strategy of 
simultaneous joint rotations is presumed to be applied such that the limb moves from the 
starting posture to the target posture according to a straight line in joint space, i.e., the joints 
involved rotate in synchrony. It must be noted that such a strategy of a constant ratio of joint-
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angular velocities will generally result in curved hand paths if only a few joint rotations are 
involved. This occurs because of the non-linear relationship between endpoint coordinates 
and joint coordinates (Morasso, 1981; Hogan, Bizzi, Mussa-Ivaldi & Flash, 1987). However, 
if many joints are involved this principle may also yield straight-line movements of the end 
effector in workspace. It has therefore been suggested that movements in intrinsic space 
may also be performed according to the principle of a straight line, i.e., a straight line in 
joint space. Such is exactly the case when joints rotate in perfect synchrony.
Straight lines in workspace and/or joint space?
In chapter 2 of this thesis we present the results of a study on healthy human arm 
movements in which we address the issue whether point-to-point aiming movements are 
planned in workspace, in joint space, or perhaps in both. In this experiment participants 
performed horizontal, vertical, and diagonal aiming movements on a transversal plane. 
Movements were performed at several speeds. Curvature variations of the hand and 
corresponding joint-space paths were investigated as a function of position, direction, and 
speed. A comparison of normalized path curvatures at the hand and joint level indicated 
that in aiming, the coordinative rule of straight-line production seems to apply to both 
workspace and joint-space concurrently.
Movement disorders
As mentioned above, invariant characteristics of movements shed light on the principles 
governing healthy human movements. Another means of assessing the processes 
underlying healthy movements is by looking at movement disorders. Whenever something 
goes wrong with the motor apparatus we are given the unique opportunity to observe 
which aspects of movement control become impaired. We can then try to relate these 
aspects to possible underlying motor processes. It is in this context that in this thesis 
several studies are reported on research conducted into cerebral palsy. Before we turn to 
these studies we discuss the specifics of this disorder.
Cerebral Palsy
Cerebral Palsy is a condition caused by lesions to the brain. Such lesions usually occur 
before, during or shortly after birth, and their behavioral results are characterized by an 
inability to fully control motor function. Depending on the extent and the location of the 
brain lesion, the following disturbances of motor control may be observed: spasticity, 
involuntary movement, disturbance in gait and mobility, and impairment of speech. Many 
people with cerebral palsy have other disabilities as well, such as seizures, psychological 
or behavioral problems and cognitive inabilities such as difficulties with seeing, hearing, 
or learning as compared to healthy others. Although cerebral palsy is not curable, children 
and adults who have access to training, assisting technology, therapy and support services 
may experience tremendous growth and development as individuals.
6
Introduction
Spasticity
A key characteristic of cerebral palsy is spasticity of which a generally accepted 
definition is provided by Lance (1980). ‘Spasticity is a motor disorder characterized by a 
velocity dependent increase in tonic stretch reflexes (muscle tone) with exaggerated 
tendon jerks, resulting from hyper excitability of the stretch reflex as one component of 
the upper motor neuron syndrome’. Over the years many other symptoms have been added 
to this definition, corresponding to the extent of the disability.
A useful distinction between so-called positive and negative symptoms was provided by 
Jackson (1958). Positive symptoms indicate characteristics of movements that were absent 
prior to the motor disorder and negative symptoms indicate those characteristics that were 
present before the motor disorder but have become absent or impossible since the onset of 
the disorder. Examples of positive symptoms are spastic paresis, hypertonicity, 
hyperreflexiveness, irradiation, increased postural reflexes and spastic synergies. Among 
the negative symptoms are the loss of voluntary movements, incapability to control distal 
effectors independently, difficulties coping with gravitational forces and muscular 
weakness. It may be stated that positive symptoms can be seen as being caused by the 
release of more or less intact motor subsystems while most negative symptoms are a direct 
result of disconnecting lower motor centers from higher motor centers, but this is a rather 
strong simplification.
The main part of this thesis addresses the issue of disordered motor control of arm 
movements in people with cerebral palsy. More specifically, the participants in the 
experiments to be reported are spastic hemiparetic. Spastic hemiparesis is a disorder in 
which primarily one side of the body is impaired. This provides a unique opportunity to 
compare a spastic arm with a non-spastic arm within the same subject, although it must be 
mentioned that also the non-spastic arm typically shows some deficits. Nevertheless, the 
between arm comparisons in participants with hemiparetic cerebral palsy offer interesting 
insights. Furthermore, comparisons between spastic arms and healthy control arms are 
also possible. Therefore, comparisons between spastic arms and non-spastic arms of 
hemiparetic people, spastic arms and healthy control arms and even comparisons between 
non-spastic arms of people with hemiparesis and healthy control arms are made regularly 
in this thesis.
In the remainder of this chapter several key questions and findings are summed up of 
our studies on arm movements in hemiparetic cerebral palsy. As stated above, several 
questions related to the concepts of stability and flexibility of movements were 
investigated and these will be described below. First, smoothness of arm movements as a 
primary characteristic of movement stability is discussed.
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Smoothness o f arm movements in hemiparetic cerebral palsy
In a first pilot experiment on hemiparetic cerebral palsy we examined the smoothness of 
hand paths (Van Thiel, Steenbergen, Meulenbroek and Hulstijn, 1997). As mentioned 
above, in healthy humans smoothness of hand paths is often seen as an invariant feature of 
movement (Morasso, 1981; Abend, Bizzi & Morasso, 1982; Flash & Hogan, 1985; Hogan, 
1984). If this feature is an important objective of healthy movements, it is possibly also 
present in people with hemiparetic cerebral palsy.
In the experiment hemiparetic participants performed hitting movements with their 
spastic and non-spastic arms to stationary targets of different sizes projected onto a screen. 
The hand path was significantly less smooth in the spastic arm indicating that motion 
smoothness is affected by this specific disorder. Although this does not rule out the 
possibility that the disordered motor system strives for maximum smoothness, it is clear 
that specifically movement execution is hampered, i.e., less stable.
The abovementioned task was also performed by both arms simultaneously. In earlier 
research on hemiparetic reaching (Steenbergen, Hulstijn, de Vries, & Berger, 1996) it was 
shown that bimanual task execution may have a modest beneficial effect upon the 
movement time of the spastic arm. Generally, the non-spastic arm adapts to the time frame 
of the spastic arm but slight improvements in the performance of the spastic arm may be 
observed. We investigated whether this is also the case with respect to smoothness of 
movement in a hitting task. The results showed that adaptation of the non-spastic arm to 
the spastic arm strongly reduced the between-arm differences in bimanual conditions, i.e., 
the non-spastic arm became less smooth. Smoothness of the spastic arm was decreased 
during bimanual task execution as compared to unimanual task execution, especially for 
hitting movements toward small targets. We conclude that during hemiparetic hitting 
movements there are strong transfer effects from the spastic to the non-spastic arm in 
bimanual conditions while these effects elicit enhanced, negative effects of task 
constraints (target size) on the quality of movement.
Involvement and timing o f shoulder and hand displacements
In chapter 3 of this thesis an experiment is reported in which we examined the 
involvement and timing of shoulder and hand displacements during hitting, reaching and 
grasping movements performed by young adults with hemiparetic cerebral palsy. The 
participants performed unimanual and bimanual arm movements toward targets and 
objects of different size.
Degree of shoulder displacement
Unrestricted arm movements in healthy humans are generally accompanied by 
movements of the trunk, i.e., shoulder translation and rotation, either to maintain balance 
or to contribute to successful task completion. Furthermore, task constraints influence the
8
Introduction
degree to which the trunk is moved during task performance (e.g., in pointing: Ma & 
Feldman, 1995; Kaminski et al., 1995; in grasping: Steenbergen et al., 1995; Saling et al., 
1996; Marteniuk & Bertram, 2000; in eating: Van der Kamp & Steenbergen, 1999). From 
several studies on hemiparetic arm movements (Levin 1996; Roby-Brami et al. 1997; 
Steenbergen et al. 1998, 2000; Trombly 1992; Van Thiel et al., 1997) and from the 
experiment reported in chapter 3 it has become apparent that during arm movements 
participants with hemiparetic cerebral palsy use their trunk to a larger extent than healthy 
participants do. We argue, however, that increased trunk involvement is a successful, 
adaptive reaction to reduced joint mobility in the affected arm (see also Latash & Anson, 
1996).
Fluency of hand displacements
Interestingly, it has been shown that variations in shoulder displacement have no effect 
on end-effector kinematics or fluency in healthy participants (Kaminski et al., 1995; Ma & 
Feldman, 1995; Marteniuk & Bertram, 2001). Is this also the case in participants with 
hemiparetic cerebral palsy? Given our conclusion above that increased trunk involvement 
is a successful, adaptive reaction to reduced joint mobility in the affected arm, the fluency 
of hand displacements was expected to remain invariant under variations of shoulder 
displacement as is also the case in healthy participants. Although the fluency of spastic 
hand displacements is significantly decreased as compared to non-spastic movements, it 
was found in the experiment that the amount of dysfluency indeed did not vary as a 
function of shoulder displacement in the hemiparetic participants.
Timing of shoulder and hand displacement
With respect to the timing of shoulder and hand displacement, prior research suggested 
that hemiparetic movements can be characterized by inconsistent motion-timing patterns, 
i.e., the timing of shoulder and hand-displacement onsets varies between trials 
(Archambault et al., 1999). Therefore, the within-subject variability of the movement- 
onset asynchrony between hand and ipsilateral shoulder displacement was expected to be 
larger on the impaired side than on the unimpaired side. Surprisingly, the within-subject 
variability of the onset sequencing of the impaired side was not significantly larger than 
that of the unimpaired side in any of the three tasks (hitting, reaching and grasping). This 
finding challenges the conclusions by Archambault et al. (1999) that hemiparetic 
participants may have an impaired ability to consistently time hand and shoulder 
movement onsets.
Additionally, we also examined the asynchrony between the moment of peak velocity of 
the hand and shoulder and the variability of this measure. Contrary to the onset 
asynchrony, the peak velocity asynchrony did vary between the hitting and reaching task 
and also between the hitting and grasping task. For the reaching and grasping tasks there 
were also significant differences between hands. As was mentioned earlier, healthy arm
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movements may in part be governed by a principle of straight lines in joint space, i.e., of 
participating joints rotating in synchrony. In an experiment on reaching and grasping 
movements Steenbergen, Van Thiel, Hulstijn and Meulenbroek (2000) found that the 
principle of simultaneously rotating joints does not seem to apply to spastic arm 
movements. Joints rotated in a more sequential manner compared to healthy joint-rotation 
patterns. In the experiment described in chapter 3 we confirmed this observation since the 
peak-velocity asynchrony varied between hands.
The variability of the peak-velocity asynchrony was not significantly increased when 
comparing the impaired hand with the unimpaired hand. This again contradicts the 
conclusion that hemiparetic movements can be characterized by inconsistent motion­
timing patterns.
In sum, the results suggest that the hemiparetic participants were capable of flexibly 
recruiting and sequencing the various effector segments at their impaired side required for 
successful task completion, albeit in different magnitudes and sequenced differently (more 
sequentially) as compared to their unimpaired side.
Hitting stationary and moving targets
The aim of the study which forms chapter 4 of this thesis was to gain insight into the 
control that hemiparetic subjects have over fast, unimanual aiming movements to 
stationary as well as to moving targets. Remember that given the definition of spasticity 
provided above, fast movements may be especially difficult for hemiparetic participants. 
Therefore, these movements may indeed be very informative. Hemiparetic participants 
with cerebral palsy and healthy participants were asked to hit, as quickly as possible, 
stationary and moving targets projected onto a fronto-parallel screen. The present task was 
adapted from the experimental paradigm employed by Smeets and Brenner (1995). In this 
task a participant sits in front of a large screen on which targets are projected by means of 
a video projector. Figure 1 shows a participant in the experimental setup. The participant 
holds a rod in his hand with which he has to hit the target. The task was performed with 
the spastic and non-spastic arm by the hemiparetic participants and with the dominant and 
non-dominant hand by control participants.
Hitting stationary targets
Contrary to our expectations, the commonly observed significantly prolonged 
movement time of the spastic arm as compared to the non-spastic arm was absent. We 
argue that the slowness of movements generally observed during spastic movements may 
be a strategic choice of the participant. The fact that the participant knows that he is hitting 
with a less controllable spastic arm may make him decide to move slower. Only when 
instructed to move as fast as possible, the hemiparetic participants show that they can 
perform hitting movements with their spastic arm as fast as non-spastic movements.
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Whereas movement time did not significantly discriminate between the spastic and non­
spastic arm, the spatial variability of the movements did. It is shown that the variability of 
spastic movements is pronounced and can possibly be pinpointed as the primary cause of 
task failure, i.e., of missing the target.
Figure 1. Participant in  the experimental setup.
Hitting moving targets
Even though hemiparetic subjects were expected to be unable to adjust their movements 
flexibly to the position and the velocity of a moving target, they used an initial estimate of 
where moving targets should be hit in the same way as the healthy subjects did, i.e., they 
started aiming toward a position in front of the target. Moreover, in both participant 
groups this spatial estimate increased significantly as a function of target velocity. 
Movement time also varied as a function of target velocity, i.e., faster moving targets were 
hit faster.
These findings suggest that the use of target-velocity information when hitting moving 
targets and prospective control in general are unaffected in participants with hemiparetic 
cerebral palsy.
Adjustments o f ongoing movements
In the experiment described in chapter 5 we put the spastic participants to the ultimate 
test. Given the findings mentioned above, it is clear that something goes wrong during 
movement execution and therefore the need to study movement execution in hemiparesis, 
has become increasingly apparent. However, the effects of manipulations during 
movements of people with hemiparesis to gain additional insight into how they adjust 
ongoing movements have never been studied before. In order to investigate how 
participants with hemiparetic cerebral palsy adjust ongoing movements, we asked them to 
hit targets that were presented stationary but could start to move at the onset of the hitting
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movement. Such a task prompts participants to adjust an already initiated movement. We 
expected that participants hitting with their spastic arm would be incapable of responding 
in a qualitatively correct, i.e., efficient and appropriate, manner to sudden changes in the 
target position, both in comparison to their non-affected arm and to the preferred arm of 
healthy control participants. Actually, we expected hemiparetic participants to settle for a 
stereotypical response that would accomplish the task best on most occasions. The 
presumed incapability of responding in an adaptive manner also implied that the time it 
takes before the visually identified change in the target position becomes apparent in the 
hand movement, would be prolonged in the spastic arm.
Qualitative adjustment
Much to our surprise hemiparetic participants were capable of flexibly adjusting their 
ongoing spastic arm movements in a qualitatively appropriate way. Although they moved 
slower and produced more errors, their movements were performed in the same qualitative 
manner as healthy control participants. In accordance with the findings reported above, the 
spastic arm movements were more variable and an increase in this variability as a function 
of task difficulty was significantly stronger for the spastic movements compared to 
healthy control movements.
Moment of adjustment
The moment at which the response to the change in target position became apparent in 
the hand movement occurred later for the hemiparetic participants compared to the healthy 
control participants as was expected, but the difference was only 25 ms. Given the 
commonly observed movement deficits of the spastic arm, these results show that 
participants with spastic hemiparesis displayed a remarkable flexibility in adjusting their 
hitting movements.
To sum up, the experimental studies to be presented in the following chapters address 
questions regarding the coordinative principles utilized in healthy point-to-point aiming 
movements and the recruitment and sequencing of hand and shoulder movements in 
participants with hemiparetic cerebral palsy. Subsequently, hemiparetic hitting movements 
toward stationary and moving targets and hemiparetic hitting movements toward targets 
that may start to move after hand movement initiation are the topic of investigation. The 
findings indicate that healthy humans probably utilize several coordinative principles 
concurrently during point-to-point aiming movements. However, the coordinative rule of 
simultaneously rotating joints does not seem to apply to hemiparetic arm movements. 
Here, a more sequential manner of task execution seems to be adopted which might be the 
optimal movement pattern for the participants given their impairment. Hemiparetic arm 
movements can generally be characterized as more spatially variable, i.e., less stable, 
although they preserve a remarkable flexibility of movement across several tasks. This in
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spite of the fact that the participants involved suffer from a strongly disabling motor 
disorder.
Several other themes, general conclusions and the main implications of the experiments 
to be presented in the following chapters will be given in the discussion which is the final 
chapter of this thesis.
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2Path Curvature in Workspace and in Joint Space: 
Evidence for Coexisting Coordinative Rules in Aiming
Edwin Van Thiel, Ruud G.J. Meulenbroek, and Wouter Hulstijn
Abstract
In this study we tried to establish whether point-to-point aiming movements are planned 
in workspace, joint space, or both. Eight right-handed subjects performed horizontal, 
vertical, and diagonal aiming movements on a transversal plane. Movements were 
performed at several speeds. Curvature variations of the hand and corresponding joint- 
space paths were investigated as a function of position, direction, and speed. Straightness 
of hand paths predominated for vertical movements but was systematically violated for 
horizontal and top-right to bottom-left movements. Furthermore, the hand-path curvature 
of the latter movements increased with speed. Joint-space paths showed more deviation 
from a straight line than hand paths except for top-left to bottom-right movements in 
which the paths were equally curved. A comparison of normalized path curvatures at the 
hand and joint level indicated that in aiming, the coordinative rule of straight-line 
production seems to apply to both workspace and joint-space planning. The present 
findings confirm Kawato’s (1996) views that optimization processes operate concurrently 
at the two control levels of arm-trajectory formation under study.
Chapter 2
Introduction
Bernstein (1967) demonstrated that studying invariant characteristics of motor behavior 
provides insight into control principles of movement coordination. Invariant features of 
point-to-point aiming movements have been identified at several levels of observation. In 
the present study of aiming movements we focus on two of those levels: the shape of the 
hand path in the workspace and the shape of the corresponding joint-space path reflecting 
the geometry of the joint-rotational pattern selected to perform the aiming movement. The 
main aim of our study is to establish whether aiming movements are planned in 
workspace, in joint space, or both.
Evidence for the view that point-to-point aiming movements are primarily planned in 
workspace coordinates is provided by the finding that hand movements in the horizontal 
plane generally follow straight-line paths, despite variations in movement speed, 
movement amplitude, direction, and orientation in the workspace (Abend, Bizzi, & 
Morasso, 1982; Atkeson & Hollerbach, 1985; Flash & Hogan, 1985; Hogan, 1984; 
Morasso, 1981). These findings, and the observation that movements are generally smooth 
and graceful, have led to the minimum-jerk model as presented by Hogan (1984) and 
elaborated by Flash and Hogan (1985). According to this model, the mean square of the 
rate of change of acceleration, or jerk, is minimized during motion. However, since hand 
displacements are not always perfectly straight lines, the minimum-jerk model does not 
account for all aspects of point-to-point aiming movements. Flash and Hogan (1985) 
suggested, nevertheless, that moving in a straight line is an invariant kinematic plan, or 
coordinative rule, something the motor system strives for. In their view, deviations from a 
straight line result from the kinetic consequences of motion such as between-joint 
interactions and Coriolis forces. In situations of high speed, or when other overriding 
concerns govern the movements, the coordinative rule of maximum smoothness could be 
abandoned (Hogan & Flash, 1987).
Recently, deviations from straight-line movements in aiming tasks have been 
demonstrated to be very systematic (Haggard & Richardson, 1996). Using generalized 
procrustus analysis to investigate the shape of hand paths of pointing movements 
independently from local, unsystematic curvature variations, Haggard and Richardson 
showed that whereas horizontal (lateral) movements were curved away from the body and 
had little spatial variability, vertical (anterior-posterior) movements were straight but 
showed considerable spatial variability. Path curvature was also shown to depend on the 
direction of the movement. Haggard and Richardson concluded that there are invariant 
spatial patterns, that is, motor primitives, which the motor system uses for generating 
point-to-point aiming movements. These primitives, however, vary in shape across the 
workspace. Indeed, in point-to-point aiming movements in the sagittal plane, Atkeson and 
Hollerbach (1985) found that whereas in certain parts of the workspace curved trajectories
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are generally found, in other parts straight-line trajectories are most likely to be observed. 
In addition, they reported a directional effect, most probably caused by gravitational 
forces. Upward movements were curved as a result of an interaction between the 
gravitational force and shoulder acceleration forcing the elbow to extend, whereas 
downward movements were straight because shoulder acceleration causes the elbow to 
flex. These findings suggest that arm movements may be controlled at the joint level.
This is the view proposed by Rosenbaum, Loukopoulos, Meulenbroek, Vaughan, and 
Engelbrecht (1995) in a recent model of the planning of reaching movements, in which 
they argued that a straight-line movement in joint space may constitute an important 
principle of movement execution. Rosenbaum et al. presume that a target posture, not a 
trajectory, is specified during motion planning. After the target posture has been 
determined, a strategy of simultaneous joint rotations is presumed to be applied such that 
the limb moves from the starting posture to the target posture according to a straight line 
in joint space. Such a strategy of a constant ratio of joint-angular velocities will generally 
result in curved hand paths if few joint rotations are involved. This occurs because of the 
nonlinear relationship between endpoint coordinates and joint coordinates (Hogan, Bizzi, 
Mussa-Ivaldi, & Flash, 1987; Morasso, 1981). However, if many joints are involved, this 
principle may also yield straight-line movements of the end effector in workspace. The 
views of Rosenbaum et al. (1995) correspond to those proposed by Uno, Kawato, and 
Suzuki (1989) in the minimum torque-change model. Specified at the joint level, their two 
degrees of freedom model generally predicts curved hand paths.
With respect to whether aiming movements are planned in workspace or in joint space, 
Cruse and Bruwer (1987) argued that subjects strive for a compromise between a straight 
line in workspace and a straight line in joint space. They reported that both biphasic joint 
rotations and curved end-effector paths were observed in pointing movements. Although 
they demonstrated a dependency of path shape upon the starting values of the joint angles, 
they emphasized the primary aim of the control system to produce straight-line end­
effector paths.
When comparing hand-space and joint-space models of the planning of point-to-point 
aiming movements, we have to take into account the results of studies emphasizing that 
systematically observed path curvature may be caused by the way in which extracorporal 
space is internally represented. Wolpert, Ghahramani, and Jordan (1995) used an 
adaptation study to identify the coordinate frame that the human motor system uses in 
planning aiming movements. Subjects performed aiming movements in the horizontal and 
in the vertical direction on a transversal work plane. By distorting the visual feedback and 
analyzing the resulting adaptive behavior of the subjects, Wolpert et al. concluded that the 
intended trajectory is indeed a straight line in visual space even though they noted that 
horizontal movements tend to curve away from the body. They attributed this curvature to 
curved characteristics of the perceptual space. For slow goal-directed movements, De
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Graaf, Sittig, and Denier van der Gon (1991) showed that deviations in the initial direction 
of the aiming movement cause these low-speed movements to be curved. Because these 
deviations also occurred when subjects were asked to set a pointer in the direction of the 
target instead of actually moving their finger, they concluded that the motor component 
was not responsible for the systematic deviations. Furthermore, De Graaf, Sittig, and 
Denier van der Gon (1994) showed that these deviations are also present in purely 
proprioceptive tasks in healthy subjects and even in the congenitally blind. Consequently, 
these deviations cannot arise from imperfections in the visual processing of spatial 
information. In this context, Brenner and Smeets (1995) noted that the shape of the hand 
path is influenced by the orientation of the target area. With rectangular-shaped target 
areas, they eliminated the systematic deviations reported by de Graaf et al. (1991, 1994) 
by orienting rectangular targets radially around the starting point.
Irrespective of possible effects of visuomotor control processes on the curvature of, 
particularly, low-speed movements, the evidence described above does not allow for a 
conclusion regarding which coordinative rule the motor control system uses in planning 
point-to-point aiming movements. Whereas earlier research emphasized the powerful 
principle of planning straight lines in workspace, more recent research indicates 
systematic violations of this principle. However, these violations were reported without a 
detailed investigation of the invariances possibly present in joint rotations. But invariances 
observed at the hand-space level might be accompanied by invariances at the joint-space 
level. Indeed, whenever a hand-space path is uniquely specified, the set of joint rotations 
with which this path can be realized is not. This specifies an additional degrees of freedom 
problem situated at the joint level. Given these multiple degrees of freedom problems, 
invariances may be observed simultaneously at both levels of motor control. Kawato 
(1996) emphasized this issue, suggesting that movement planning consists of three 
processes that operate concurrently: trajectory planning, coordinate transformation, and 
motor command generation. Each level is characterized by a different optimization 
process, and invariant features of movements can provide insight into the subsolutions of 
the optimization processes at each level and into the way these processes interact.
In the present study we investigated invariances of aiming movements at both the 
workspace and the joint-space level. We expected that subjects would tend to produce 
straight lines in hand paths (e.g., Flash & Hogan, 1985) and joint-space paths (Rosenbaum 
et al., 1995) simultaneously. We therefore focused on a careful characterization of the 
shape of end-effector paths in workspace and their corresponding joint-space paths. We 
used the experimental design employed by Haggard and Richardson (1996) to verify their 
findings that horizontal (lateral) and vertical (anterior-posterior) hand paths show small 
but systematic curvature variations as a function of position and direction. Furthermore, 
we extended Haggard and Richardson’ s design by including diagonal movements. Based 
on earlier findings concerning the joint-involvement patterns of diagonal movements
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(Meulenbroek, Rosenbaum, Thomassen, & Schomaker, 1993), we expected that 
movements along the top-right to bottom-left axis would show the largest hand-path 
curvature, because in these movements shoulder and elbow rotate in phase, thus having an 
additive contribution to hand-path curvature. In contrast, diagonal movements along the 
top-left to bottom-right axis were expected to result in less curved hand paths, because for 
these movements shoulder and elbow rotate out-of-phase, thus counteracting their effects 
on hand-path curvature.
Additionally, we manipulated movement speed as a key variable in our experiment. 
With regard to this variable, we expected hand-path curvature to increase with movement 
speed for two reasons. First, this was shown by Flash (1987) and, both in nonimpaired 
subjects and in subjects suffering from cerebellar ataxia, by Massaquoi and Hallett (1996). 
The second reason was based on the findings by De Graaf et al. (1994) and Wolpert et al. 
(1995), who assumed, as we did, that visuomotor control processes have a larger impact 
on aiming movements as these movements slow down. In contrast to these authors, 
however, we presumed that the enhanced impact of visuomotor control processes at low 
movement speeds might induce a bias in subjects to produce straight hand paths that 
correspond with the principal (horizontal and vertical) axes of Euclidean workspace (see 
also Meulenbroek & Thomassen, 1993). Consequently, we expected hand-path curvature 
to decrease at low speeds.
Method
Subjects
Eight subjects participated in the experiment. All were naive with respect to the research 
goals, and all met the requirements of being healthy, right-handed, and of average height. 
Subjects were given the impression that the main research goal was to measure how 
accurately they could reproduce the duration of time intervals by means of point-to-point 
aiming movements.
Procedure and Design
Subjects sat comfortably at a table with their bellybutton just above table height. This 
procedure prevented subjects from resting their arm on the table and prevented the elbow 
from colliding with the table during movements. Four circular light emitting diodes 
(LEDs) were placed in the tabletop to be used either as start or end location. Subjects were 
instructed to move a handle in an upright position from a starting point to an end point 
across the tabletop within an instructed time interval. The handle weighed approximately 
60 g. At the bottom of the handle, a felt-covered disc of 5 cm diameter was attached. The 
combination of the lightweight handle and the felt-covered disc caused almost no friction 
with the tabletop. To reduce friction even further, the table was covered with low-friction, 
semitransparent paper. Subjects were instructed to lean comfortably against the back of
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the chair and to use only their right arm during task performance. Movements had to be 
smooth and were to start and end at zero velocity. The handle was not to lose contact with 
the tabletop during movement and it was not to be pushed on. The handle also needed to 
cover the starting LED at the start and the ending LED at the end of the movement.
The four LEDs formed an imaginary square with sides of 30 cm. The diagonals thus had 
a length of about 42.5 cm. The LEDs provided for 12 combinations of start-to-target 
movements differing in position, orientation and direction. Figure 1 shows the 
experimental conditions.
F ig u re  1. The four light emitting diodes (LEDs) form an im aginary square with sides 
o f 30 cm (length o f diagonals: 42.5 cm). M ovements are qualified as being vertical 
(AB, BA, DC and CD), horizontal (AD, DA, BC and CB) or diagonal (DB, BD, AC 
and CA).
To generate movements at different speeds, the start and end of each movement were 
indicated by means of acoustic signals. Five intervals were used. The intervals between 
successive signals ranged from 0.3 to 1.1 s in steps of 0.2 s. The shortest interval was used 
to elicit very fast movements and the longest interval to elicit very slow movements. The 
mean interval duration thus was 0.7 s, which is an average movement time (MT) for 
movements covering 30-42 cm (Flash, 1987; Haggard & Richardson, 1996). A precuing 
paradigm (Rosenbaum, 1980) was used to allow subjects to fully preprogram their 
movements. This meant that subjects could see the start and target LEDs before making a 
movement.
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After the presentation of the LEDs, which stayed on during the entire trial, subjects 
positioned the handle on the starting LED and subsequently listened to three consecutive 
presentations of the tone interval reflecting the instructed movement time. On the first two 
presentations the subjects were instructed to only think of making the movement and to 
prepare for matching the third interval with their actual movement. Matching the interval 
meant starting to move at the beep that indicated the start and completing the movement at 
the beep that signaled the end. Figure 2 shows the complete trial sequences for three out of 
the five instructed movement time conditions. Each instructed movement time condition 
consisted of four replications of all 12 possible movements. Both the instructed movement 
time conditions and the presentations of the LED-pair combinations within a condition 
were completely randomized. Subjects were allowed as many practice trials as needed to 
get familiar with the experimental setting and task before the actual experiment started 
(10-15 trials on average). Furthermore, before each block in which a single instructed 
movement time was used, subjects were given additional practice trials to get used to the 
new instructed movement time (5-10 trials on average).
m i Warning signal: 400 ms at 300 Hz 
|  Signal accompanying presentation of LED: 100 ms at 400 Hz 
[ ] Signal indicating Start of Instructed Movement Time Interval: 200 ms at 500 Hz
D Signal indicating End of Instructed Movement Time Interval: 200 ms at 500 Hz 
S Start Movement
S
■ ~ l  I Mil Mil Mil
S
■ ~ i  ■ ii ii ii ii n  n
S
■ ~ i  i  i i  i i  i i  i i  i i  i i
— i---------------------1---------------------1— i---------------------1---------------------1— i---------------------1---------------------1— I—
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t (s)
F ig u re  2. Three trial sequences are shown o f the five instructed movement time 
conditions. After presentation o f the LEDs, a period o f 1,500 ms followed in  which 
the subject could position the handle on the starting LED. Then, three instructed 
movement time intervals were presented. The time between successive intervals was 
constant in  all conditions (600 ms).
Apparatus and Data Collection
Four infrared light emitting diodes (IREDs) were attached to the subject’s trunk and arm 
(see Figure 3). A fifth IRED was fixed on the top of the handle. An Optotrak 3020 system
0.3 s 
0.7 s 
1.1 s
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was used for 3-D motion recording. Standard errors of measurement were less than 0.2 
mm in X, Y, and Z directions. The XY cardinal plane coordinates of the IRED on the 
handle were used to define the 2-D workplane in which the end-effector paths were 
located. Figure 3 displays the experimental setup.
F ig u re  3. A  digitized photograph o f a subject sitting at the experimental table. The 
picture was taken from the viewpoint o f the O ptotrak sensors. Five IREDs (filled 
circles), indicated by the arrows, were placed on the subject and on the top o f the 
handle. The four open circles on the transversal work plane in  front o f the subject 
represent the positions o f the LEDs that served as start and target positions.
The Optotrak system sampled IRED coordinates at a rate of 100 Hz; the coordinates 
were stored on a personal computer that also (a) activated the stimulus LEDs, (b) 
presented the acoustic signals, and (c) detected missing data points after each trial. 
Incomplete or otherwise incorrect trials were repeated immediately.
Data Analysis
Raw camera data were off-line converted to 3-D coordinates and filtered with a second- 
order, zero phase lag, Butterworth filter with a cut-off frequency of 15 Hz. Start and end 
of movement were defined by searching minima in the absolute velocity profile of the
22
Path curvature in workspace and in joint space: evidence fo r  coexisting coordinative rules in aiming
IRED representing the end-effector path to the left and right of peak velocity. The first 
velocity minimum below a threshold of 10% of the peak velocity with a bottom threshold 
of 5% of peak velocity was determined. The bottom threshold excluded small correctional 
movements at the end of a movement that are generally observed (Flash, 1987). The two 
Cartesian coordinate pairs at these moments acted as realized starting and ending location.
Joint angles were calculated by representing the arm segments and the torso as sticks 
and determining the angles between these. At the level of joints, the human arm has seven 
degrees of freedom (excluding those in the fingers). Our experimental setup allowed us to 
analyze some of these.
We excluded the roll of the forearm and the yaw of the wrist from our analysis. The roll 
of the forearm and the yaw of the wrist were largely constrained by the experimental setup 
and the power grip imposed by having to hold the handle, which had a disc attached to it. 
We quantified the tilt of the handle as an index for the combined effect of the yaw of the 
wrist and supination/pronation of the forearm by calculating the absolute z-displacement 
of the IRED attached to the top of the handle. Mean z-displacement was 0.68 mm with a 
standard deviation of 0.35 mm. Given the height of the manipulandum (12.5 cm), this 
meant that the tilt of the handle was negligible (on average, 0.26°).
F ig u re  4. (a) Stick figure representing a subject sitting at the experimental table.
Sticks were defined by lines between subsequent IREDs marked 1 through 5. (b) (c)
See text.
Only five degrees of freedom remained: flexion/extension of the wrist, 
flexion/extension of the elbow, flexion/extension and abduction/adduction of the upper 
arm, and endo/exorotation of the upper arm (see Figure 4). Wrist flexion/extension was 
calculated by determining the angles between the projections of the hand and lower arm
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on the XY-cardinal plane. Elbow flexion/extension was determined by calculating the 
angle between the upper and the lower arm. To quantify the rotations of the shoulder joint, 
we decomposed its involvement into three components. By placing an origin at the center 
of the right shoulder with cardinal axes X, Y, and Z, we calculated the angle f (flexion) by 
taking the angle of the projection of the upper arm onto the XY-cardinal plane with the X- 
axis, as can be seen in Figure 4b. We calculated the angle a (abduction) in Figure 4c by 
taking the angle of the projection of the upper arm onto the YZ-cardinal plane with the Z- 
axis. The endo/exorotation of the upper arm was calculated by determining a plane 
perpendicular to the upper arm and subsequently determining the projection of the lower 
arm onto this plane. The rotation of this projection in this plane served as our measure for 
endo/exorotation.
Curvature Index
The perpendicular distance between the realized end-effector path and the straight line 
between the observed start and end position was used to measure the deviation from a 
straight line. This measure was calculated for 100 evenly spaced points along the straight 
line between the observed starting and ending positions. The procedure allowed us to 
determine the mean absolute deviation as a curvature index for analyses of path 
straightness. For the purpose of general inspection we also determined the mean deviation, 
the standard deviations, and the distribution of the deviation to the left and to the right of 
the line connecting start and end. A similar procedure was applied to the 3-D joint-space 
path consisting of flexion/extension of the elbow, flexion/extension of the upper arm, and 
abduction/adduction of the upper arm. Wrist flexion/extension and endo/exorotation of the 
upper arm were excluded from our analysis because they were the smallest joints involved 
(see Joint Involvement Patterns in the Results). Furthermore, this allowed us to compare 
commensurable measures of deviations from a straight line in comparable coordinate 
systems.1
The curvature index for the end-effector path and the curvature index for the three­
dimensional joint-space path were taken as dependent measures and evaluated separately. 
To compare movements of different lengths and to compare our curvature index for end­
effector paths (centimeters) with our curvature index for our 3-D joint-space path 
(degrees), we normalized the curvature index for path length. The resulting normalized
1 In analyzing path straightness in joint space the definition of the joint rotations in terms of the 
mechanical degrees of freedom has to be taken into account. We chose to differentiate between a forward 
and a lateral component of shoulder rotation, i.e., abduction/adduction and flexion/extension of the upper 
arm. In large lateral movements, e.g., from the extreme right of the workspace to the extreme left, such a 
definition will produce a curved joint-space path. This opposed to a joint-space path defined by 
flexion/extension and a more morphological definition of elevation of the upper arm. We verified that our 
definition of joint rotations did not artificially induce straight joint-space paths for these movements. For this 
aim we recalculated the joint-space path curvatures in the coordinate system outlined above. For the 
movements under study this did not alter the results.
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data were transformed to continuous values by means of a trigonometric (arcsine) 
transformation. Analysis of variance revealed that the replications had no significant effect 
on the absolute mean deviation. We therefore pooled the data across replications. To 
diminish effects of outliers, the medians, per dependent measure, were used as cell entries 
for ANOVAs according to three designs allowing comparisons between the present results 
and those reported by Haggard and Richardson (1996). In the first design (verticals), we 
investigated the four vertical movements AB, BA, DC, and CD (see Figure 1). In the 
second design (horizontals), we investigated the four horizontal movements AD, DA, BC, 
and CB. In the third design (diagonals), we investigated the diagonal movements DB, BD, 
AC, and CA. The designs were used to assess the effects of instructed movement time, 
position, and direction. Comparisons between designs were carried out in separate 
analyses.
Results
Performance Measures
Errors
None of the subjects reported difficulty in making the movements. Only 4 out of a total 
of 1,920 movements were executed in the wrong direction, that is, moving from end to 
start. These data were excluded from the analyses.
Movement Time and Spatial Accuracy
Overall, subjects obeyed the movement time instructions although their MT was longer 
than instructed in the two shortest instructed movement time conditions and shorter than 
instructed in the longest instructed movement time condition, perhaps due to a contraction 
bias (Poulton, 1979) (see Figure 5). A one-way ANOVA with a Tukey post hoc test was 
used to evaluate the main effects of instructed movement time and movement condition (n 
= 12, see Figure 1) on MT. Mean MT varied significantly as a function of instructed 
movement time, F(4, 475) = 131.67, p < .001. The post hoc test indicated that all pairwise 
comparisons between observed means differed significantly. There was no main effect of 
movement condition on MT, F(11, 7) = 1.40, p = .168. Bell-shaped velocity profiles were 
consistently observed, indicating that subjects obeyed the instruction of making a single 
smooth movement.
To evaluate spatial accuracy, we calculated the absolute distance between the location 
of the target LED and the end position of the hand path (spatial error). A one-way 
ANOVA with a Tukey post hoc test was used to investigate the main effects of instructed 
movement time and movement condition on spatial error. Spatial error varied significantly 
as a function of instructed movement time, F(4, 7) = 9.81, p < .001, with means of 0.95, 
0.82, 0.77, 0.72, and 0.69 cm for the instructed movement time conditions of 0.3, 0.5, 0.7, 
0.9, and 1.1 s, respectively (see Figure 5). The post hoc test on all pairwise contrasts
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between means showed significant differences between the instructed movement time 
conditions of 1.1, 0.5, and 0.3 s. Spatial error also varied significantly as a function of 
movement condition, F(11, 7) = 3.15, p < .001, but post hoc analysis indicated that were 
as many as 10 out of the 12 movements in which no significant differences between means 
were observed. Only movements BA and DA fell outside this homogeneous subset.
In spite of the decrease in spatial error as a function of instructed movement time, 
subjects performed the task spatially accurately, possibly due to the size of the LEDs 
(diameter 0.2 cm) that needed to be covered by the disc attached to the bottom of the 
handle (diameter 5 cm). Only 7 out of a total of 1,920 movements were misses (spatial 
error > half disc size) since the setup did not require very accurate placement of the handle 
on the target LED.
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F ig u re  5. M ean movement times and the corresponding spatial accuracies for the five 
instructed movement times.
Joint Involvement Patterns
Data analysis revealed that the largest joint rotations were flexion/extension of the 
elbow, flexion/extension of the shoulder, and abduction/adduction of the shoulder (see 
Figure 6). Overall flexion/extension of the wrist and endo/exorotation of the shoulder 
contributed least to the movements. Only in movement conditions AD and DA was 
endo/exorotation of the shoulder at the level of the elbow flexion/extension and shoulder 
adduction/abduction. In movement conditions BC and CB, endo/exorotation of the
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shoulder was large. However, since we wanted to compare measures of deviations from a 
straight line in comparable coordinate systems, that is, both coordinate systems consisting 
of three dimensions, we excluded flexion/extension of the wrist and endo/exorotation of 
the shoulder from further analysis.
F ig u re  6. Joint-involvement patterns o f the verticals (top left), horizontals (top right) 
and diagonals (bottom right). The bars represent, from left to right, the involvement 
o f the wrist, elbow, shoulder flexion, shoulder abduction, and shoulder rotation, 
respectively.
Workspace and Joint-Space Trajectories
Figure 7a shows the end-effector displacements of one subject at an instructed 
movement time of 0.7 s. The four replications of all 12 movements are depicted. Visual 
inspection of the data indicated that vertical movements deviated less from a straight line 
than horizontal movements. But vertical movements were not straight. Diagonal 
movements showed relatively large deviations but showed more variability in their shape.
Figure 7b depicts the joint-space paths and the three cardinal plane projections of these 
paths corresponding to the end-effector paths shown in Figure 7a. Typically, these joint- 
space paths formed a skewed plane defined by the four postures associated with holding 
the handle on the LEDs in the tabletop.
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F ig u re  7a. Displacem ent data o f one subject at an IM T o f 0.7 s. The four replications 
o f all 12 movements are depicted.
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F ig u re  7b. The joint-space paths (solid lines) corresponding to the end-effector paths 
depicted in Figure 7 a. To facilitate the interpretation o f the orientation o f the paths in 
3-D jo in t space, the three cardinal plane projections (dotted lines) are added which are 
marked I (shoulder abduction-shoulder flexion), II (shoulder flexion-elbow flexion) 
and III (shoulder abduction-elbow flexion).
Homogeneity of Curvature Index
Our curvature index does not discriminate between sinusoidal oscillations or arcs 
around the straight line connecting start and end points of movements. Since absolute 
mean deviations were small, we verified that they did not arise from random variations. To 
this end a measure of uniformity was determined to confirm that end-effector paths 
deviated systematically. We calculated a confidence measure by dividing the absolute 
mean deviation by the mean absolute deviation. In this way a perfect sinusoidal movement 
would yield a uniformity score of zero and any arc would result in one.
This was done for the end effector path and for the three 2-D joints space paths (cardinal 
plane projections) that comprise the 3-D joint-space path. The mean value of our 
confidence measure for the end-effector paths was 0.87 with a standard deviation of 0.22.
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The mean value of the three 2-D joint space paths was 0.93 with a standard deviation of 
0.15. These values indicate that all movement conditions generally showed a uniform 
curvature, opposed to sinusoidal oscillations around the straight line connecting start and 
end position that would indicate random variation.
Figure 8 shows the mean absolute deviation and the mean distribution of this deviation 
for the three designs. The figure is divided into three panels representing, from left to 
right, the verticals (8A), the horizontals (8B), and the diagonals (8C), respectively. In 
Figure 8A a systematic deviation to the left can be observed. In Figure 8B we used the 
word up for deviations directed away from the body and down for deviations toward the 
body. It can be seen that consistent deviations were found and that these were directed 
away from the body. In Figure 8C the mean absolute deviations of the diagonals are 
depicted. Again, we used up for deviations directed away from the body and down for 
deviations directed toward the body. For movements BD and DB, deviations from 
straight-line movements can be observed but without a clear predisposition. Visual 
inspection of the data showed that these diagonal movements were curved either away 
from the body or toward the body. For the diagonal movements AC and CA, deviations 
can be observed with an upward predisposition.
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F ig u re  8. The absolute mean deviation (black bars) and the division o f this deviation 
into mean deviations directed to the left or away (up) from the body (white bars) and 
deviations to the right or toward (down) the body (gray bars) for the 12 movements 
pooled over speed. Conditions are indicated by the arrows below the bar triplets.
Curvature Index
Figure 9 shows, as a function of instructed movement time, the normalized mean 
absolute deviation in hand space (top panels) and the normalized mean absolute deviation
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in joint space (bottom panels). The curvature axis for the top panels has a different range 
than the curvature axis for the bottom panels (3.5% and 18%, respectively). Again, the 
figure is divided into three sections representing, from left to right, the vertical, horizontal, 
and diagonal movements.
F ig u re  9. Normalized m ean absolute deviation in  hand space (top panels) and the 
norm alized mean absolute deviation in  3-Djoint space (bottom panels). The five bars 
for each movement condition, indicated by the arrows, represent instructed movement 
times.
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Verticals
Hand-path curvature did not vary significantly as a function of instructed movement 
time, position, or direction (Figure 9A). Joint-space path curvature, however, did vary 
significantly as a function of instructed movement time, F(4, 7) = 3.81, p < .05, with faster 
movements showing more curvature (Figure 9D). For the five classes of instructed 
movement time (300 to 1,100 ms in steps of 200 ms), the mean absolute curvatures in 
percentages of the realized joint-space path length were 4.58, 4.65, 4.99, 5.03 and 5.16%, 
respectively. For both the hand-path curvature and the joint-space path curvature, no 
significant interactions were found.
Horizontals
Hand-path curvature did not vary significantly as a function of instructed movement 
time, position, and direction (Figure 9B). Curvature of the joint-space path also showed no 
systematic variation as a function of instructed movement time (Figure 9E). However, the 
joint-space path curvature of horizontal movements near the body was larger than that of 
horizontal movements further away from the body: 13.78% and 10.04%, respectively, F(1, 
7) = 9.66, p < .05 (Figure 9E). There were significant interactions between instructed 
movement time and direction and between position and direction, F(4, 7) = 5.21, p < .01, 
and F(1, 7) = 15.72, p < .01, respectively. Movements to the right showed an increase in 
joint-space path curvature at higher speeds, whereas this was not the case for movements 
made to the left. This effect was stronger for the horizontal movements near the body. 
Diagonals
Hand-path curvature varied significantly as a function of instructed movement time, 
F(4, 7) = 2.73, p < .05. Faster movements showed more curvature (Figure 9C). Mean 
absolute curvatures were 1.48%, 1.78%, 1.68%, 1.85%, and 2.05% for the five instructed 
movement time conditions, respectively. Diagonal movements AC and CA tended to be 
more curved than diagonal movements DB and BD: 2.26% and 1.28%, respectively, F(1, 
7) = 5.07, p < .1. A significant directional effect was also present. Diagonal movements 
directed toward the body (i.e., movements BD and CA) showed more hand-path curvature, 
F(1, 7) = 12.20, p < .05, than movements away from the body (i.e., movements DB and 
AC). Means were 2.06% and 1.48%, respectively (Figure 9C). For the diagonals, no 
significant effect of instructed movement time on joint-space path curvature was found 
(Figure 9F). A main effect of position on joint-space path curvature showed that diagonal 
movements DB and BD were more curved than diagonal movements AC and CA: 7.02% 
and 3.91%, respectively, F(1, 7) = 9.84, p < .05. A significant interaction between position 
and direction, F(4, 28) = 8.21, p < .05, showed that whereas there was a decrease in 
curvature of the joint-space path when comparing the downward (toward the body) 
diagonal movement BD with the upward (away from the body) movement DB, there was 
an increase in curvature of the joint-space path when comparing the downward diagonal 
movement CA with the upward diagonal movement AC (Figure 9F).
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Vertical Versus Horizontal Movements
We used a separate ANOVA to compare the vertical movements with the horizontal 
movements with respect to our curvature index. We found a significant effect for the 
hand-path curvature, with horizontal movements being more curved than vertical 
movements: 2.10% and 1.38%, respectively, F(1, 7) = 6.44, p < .05. This same effect was 
found by Haggard and Richardson (1996). Also, the joint-space path curvature varied 
significantly when we compared the horizontal movements with the vertical movements. 
Mean absolute curvatures in percentage of the realized joint-space path lengths were 
11.91% and 4.88% for the horizontal and vertical designs, respectively, F(1, 7) = 39.66, p 
< .001.
Diagonals Separated
Because there was a significant interaction between position and direction in diagonals, 
we evaluated the curvature variations of the diagonal movements for each position 
separately. For diagonal movements made along the bottom-left top-right axis 
(movements AC and CA), there were significant variations of hand-path curvature as a 
function of instructed movement time and direction, F(4, 7) = 3.78, p < .05, and F(1, 7) = 
6.48, p < .05, respectively. Faster movements showed more curvature, and the curvature of 
movement CA was larger than that of movement AC (Figure 9C). There were no 
interactions. No effects were found on the joint-space path curvature of movements AC 
and CA (Figure 9F).
For the diagonal movements along the bottom-right top-left axis (movements DB and 
BD), there was no significant effect of instructed movement time on hand-path curvature, 
but there was a significant effect of direction, F(1, 7) = 7.47, p < .05. The mean curvature 
of movement BD was larger than the mean curvature of movement DB (Figure 9C). There 
was no interaction. For the joint-space path curvature, both instructed movement time and 
direction caused significant variations, F(4, 7) = 3.47, p < .05, and F(1, 7) = 14.07, p < 
.001, respectively. Again, faster movements showed more curvature, and the curvature of 
movement BD was larger than that of movement DB (Figure 9F). No significant 
interaction effects were found.
Discussion
By examining the curvature of hand paths of point-to-point aiming movements in the 
transversal plane, we verified the findings of Haggard and Richardson (1996) that 
horizontal (lateral) hand paths show a small but systematic curvature directed away from 
the body (Figure 8). In contrast with their findings, however, we found that hand paths of 
vertical (anterior-posterior) movements tended to be systematically curved to the left 
rather than straight. This latter finding was also observed by Wolpert et al. (1995) and 
challenges Haggard and Richardson’s (1996) findings for vertical movements.
33
Chapter 2
The two diagonal movements we included in our study also showed systematic 
deviations from straight-line hand paths. These deviations were in accordance with our 
expectations. The hand-path curvature of diagonal movements along the bottom-right to 
top-left axis was small and comparable in size to that of vertical movements. For diagonal 
movements along the top-right to bottom-left axis, the strongest hand-path curvature was 
found as a result of in-phase shoulder and elbow rotations (see Figure 9C).
As stated above, Haggard and Richardson (1996) interpreted the observed systematic 
deviations in workspace trajectories as evidence for the existence of multiple spatial motor 
primitives or kinematic plans. We argue, however, that the systematic deviations of hand- 
path trajectories may reflect the existence of multiple control principles operating 
simultaneously at different levels of movement control. In line with Hogan and Flash 
(1987), we presume that at the workspace planning level the coordinative rule of straight- 
line hand-path production is effective, but that at the joint-space planning level the 
coordinative rule of producing straight lines in joint space is effective (Rosenbaum et al., 
1995). Our analyses of the curvature of joint-space paths point in that direction.
With respect to the curvature of joint-space paths, we restricted our analysis to the three 
largest contributing joints. Apart from the horizontal movements close to the body in 
which the curvature of joint-space paths was large, the vertical and diagonal joint-space 
paths showed little curvature even though the curvature of their corresponding hand-paths 
was almost four times smaller. For diagonal movements along the bottom-left top-right 
axis, however, the hand paths and joint-space paths were equally straight.
Speed did not systematically induce deviations from straight-line hand paths except for 
the top-right to bottom-left diagonal movement in which the hand-path curvature 
increased with speed. Moreover, systematic deviations from straight-line hand paths 
persevered even at low speeds. We expected that at these speeds the coordinative rule of 
straight-line hand paths would predominate. This was not observed completely. We 
interpret this finding as evidence for the existence of a coordinative rule of straight-line 
path planning in joint space, which we thought would have more prominent effects at high 
movement speeds. In vertical movements, invariance of hand-path curvature was 
preserved under speed variations but joint-space path curvature increased with speed. For 
horizontal movements performed at different speeds, no path-curvature variations were 
found in either hand space or joint space. However, the absence of the latter main effect 
was accompanied by interaction effects. Movements to the right showed an increase in 
joint-space path curvature at higher speeds, whereas this was not the case for movements 
made to the left. In horizontal movements, joint-space path curvature for movements close 
to the body was large possibly because in these movements the arm is forced to move 
around the trunk. Curved joint-space paths are imaginable when horizontal movements 
close to the trunk have to be made, as is the case for obstacle avoidance movements.
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Especially our results for the diagonal movements along the bottom-left top-right axis 
(see Figure 1) indicate that subjects also strive to produce straight joint-space paths. In 
these movements, systematic deviations from straight-line hand paths as a function of 
speed variations coincided with invariant joint rotational patterns. In diagonal movements 
along the top-left bottom-right axis, however, the opposite was observed; invariant hand 
paths coincided with joint-space paths that increased in curvature with increasing speed. 
These contrasting results can be explained by considering descriptions from nonlinear 
system dynamics. Joints that rotate in the same direction according to a straight line in 
joint space, that is, in synchrony, have a relative phase of zero and are as such in-phase. 
Joints rotating in different directions but also according to a straight line in joint space are 
in anti-phase. Kelso, Buchanan, and Wallace (1991) showed that intralimb coordination in 
an out-of-phase fashion is less stable. The fact that our curvature index was significantly 
larger for the joint-space path of movements along the top-left to bottom-right axis than 
for movements along the bottom-left to top-right axis could be attributed to the direction 
in which the involved joints rotate. Movements along the latter axis involve rotations of 
the elbow, of the flexion component, and of the abduction component of the shoulder in 
the same direction (in-phase). For the joint rotations of movements along the top-left to 
bottom-right axis, this is not the case. Here shoulder flexion and abduction are 
accompanied by elbow extension (out-of-phase). The larger and more variable joint-space 
path curvature in bottom-right to top-left movements as opposed to bottom-left to top- 
right movements may be attributed to an unstable rotational pattern.
A final comment with respect to the effects of the speed manipulation is that when there 
was an effect of speed on curvature, either in hand paths or in joint-space paths, higher 
speed led to more curvature. If the coordinative rule of straight-line production not only is 
in effect during workspace and joint-space planning but also is monitored during 
movement execution, then this relationship between curvature and speed can be explained. 
If we assume that the production of straight-line hand paths is visually monitored (Wolpert 
et al., 1995), then moving at higher speeds will have a detrimental effect on the successful 
optimization of this coordinative rule, leading to more curvature. For the increase in 
curvature of the joint-space paths as a function of speed, this reasoning does not apply. We 
presume that due to between-joint interaction and Coriolis forces, the coordinative rule of 
straight lines in joint space cannot be maintained at high speed. Further analyses of these 
kinetic aspects of the movements are needed to verify this (see also Flash, 1987). Our 
study focused on the kinematic level and cannot as such explain possible kinetic or neural 
invariances. Perhaps the observed straightness of joint-space paths reflects one or a 
combination of the coordinative rules possibly in effect at still other levels of control.
2
For a recent empirical study on the possible role of visual distortions and kinetic factors, see Osu, Uno, 
Koike, and Kawato (1997).
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We are confident that the observed tendencies to produce straight lines did not emerge 
solely from the geometry of the effector system. This could have been the case if the 
covered distances had been small or if the subjects froze some degrees of freedom because 
of the novelty or the artificiality of the movements. We did not observe freezing of joints, 
and a sufficient amount of practice ensured that the subjects were comfortable with the 
task (Vereijken, Van Emmerik, Whiting, & Newell, 1992). Furthermore, the task at hand 
was much less artificial than the setup used in other experiments on hand-path trajectories. 
In many of these experiments, the arm was constrained such that only the elbow and the 
shoulder flexion/extension were allowed to move. We are not surprised that our more 
natural setup with moderate spatiotemporal constraints on the movements gave rise to 
straight hand paths and to moderately straight joint-space paths.
Taken together, our findings indicate that the small curvature variations between 
movements made at different locations in the workspace reflect the combined effects of 
different coordinative rules. But which variables might be controlled? The general 
straightness of hand paths and the observed bell-shaped velocity profiles for the end­
effector are in accordance with the minimum-jerk theory proposed by Hogan (1984) and 
elaborated by Flash and Hogan (1985). Consequently, the motor system may try to 
minimize the amount of jerk of the end-effector in aiming. But which variable might be 
controlled when straight lines in joint space are aimed for? First of all, the coordinative 
rule of simultaneous, monophasic joint rotations is an economic control principle 
(Rosenbaum et al., 1995). This coordinative rule simplifies the control of timing of many 
joints in an integrated manner according to a single parsimonious principle, that of 
synchrony. Consequently, timing might be considered as a candidate variable in this 
context. We expect that in less spatially constrained tasks (e.g., walking), the timing of 
joint angular motions may indeed be an important control variable.
In conclusion, the present study suggests that path straightness is a common principle to 
both hand-space and joint-space planning. Task context may change the relative impact of 
hand-space or joint-space planning processes. We observed a strong tendency toward 
movement control in a hand-space reference frame, but in some contexts the bias shifted 
toward a control mode situated at the joint level. We conclude that depending on the 
movement condition, one of the two coordinative rules will put the largest constraint onto 
the movement. This does not necessarily imply a tradeoff. It is also conceivable that both 
coordinative rules can be effectively applied at the same time. Particularly when many 
joints are involved in motion, the principle of a straight line in joint space is likely to 
coincide with a straight-line hand path if allowed by geometrical constraints. Especially in 
aiming movements in a 3-D workspace when many mechanical degrees of freedom of the 
effector system are used, joint-rotational patterns could well be governed by the 
coordinative rule of straight-line trajectory formation in joint space.
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3Shoulder and hand displacements during 
hitting, reaching, and grasping movements 
in hemiparetic cerebral palsy
Edwin Van Thiel and Bert Steenbergen
Abstract
In this study, we examined the degree and timing of shoulder displacements during 
hitting, reaching, and grasping movements performed by young adults with hemiparetic 
cerebral palsy. The participants performed unimanual and bimanual arm movements 
toward targets and objects of different sizes. On the basis of the assumption that shoulder 
displacement due to trunk translation and rotation is a successful, adaptive reaction to 
reduced joint mobility in the affected arm, the fluency of hand displacements was 
expected to remain invariant under variations of shoulder displacement as is also the case 
in healthy participants. The results point in this direction. With respect to the timing of 
shoulder displacement, prior research suggested that hemiparetic movements can be 
characterized by inconsistent motion-timing patterns—that is, the timing of shoulder and 
hand-displacement onsets varied between trials. Therefore, the within-subject variability 
of the movement-onset asynchrony between hand and ipsilateral shoulder displacement 
was expected to be larger on the impaired side than on the unimpaired side. This 
prediction was not confirmed, which challenges these earlier conclusions. Additionally, 
we also examined the peak-velocity asynchrony of the hand and shoulder. Contrary to the 
onset asynchrony, the peak asynchrony varied between the hitting and reaching task and 
between the hitting and grasping task. For the reaching and grasping tasks, there were also 
significant differences between hands. Again, variability of the (peak-velocity) 
asynchrony was not significantly increased when comparing the impaired hand with the 
unimpaired hand. The results suggests that the hemiparetic participants were capable of 
flexibly recruiting and sequencing the various degrees of freedom of their impaired side 
required for successful task completion, albeit in different magnitudes and sequenced 
differently.
Key Words: hemiparesis, cerebral palsy, degrees of freedom, asynchrony, recruitment
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Introduction
Unrestricted arm movements in healthy humans are generally accompanied by 
movements of the trunk either to maintain balance or to contribute to successful task 
completion. Furthermore, task constraints influence the degree to which the trunk is 
moved during task performance (e.g., in pointing: Ma & Feldman, 1995; Kaminski et al., 
1995; in grasping: Steenbergen et al., 1995; Saling et al., 1996; Marteniuk & Bertram, this 
issue; in eating: Van der Kamp & Steenbergen, 1999). Despite the fact that a variety of 
task constraints were varied in the just mentioned studies, a common finding was the 
absence of an effect of variations in shoulder displacement on end-effector kinematics or 
fluency (e.g., Kaminski et al., 1995; Ma & Feldman, 1995; Marteniuk & Bertram, this 
issue). In addition, displacement of the shoulder due to trunk translation and rotation was 
shown to consistently precede end-effector displacement, suggesting an invariant and 
stable timing pattern of the successive involvement of proximal and distal parts of the 
effector system (e.g., Ma & Feldman, 1995, and to a less degree, Saling et al., 1996).
The flexibility in healthy participants to recruit different effectors to achieve the same 
movement outcome is most likely due to the availability of the vast repertoire of degrees 
of freedom they have at their disposal (Bernstein, 1967). In participants with cerebral 
palsy, however, the movement repertoire has been drastically reduced from an early age 
on. The unilateral nature of the deficits associated with hemiparetic cerebral palsy allows a 
comparison between the recruitment of multiple degrees of freedom on the affected and 
non-affected side and thereby the study of the incorporation of degrees of freedom in 
purposeful acts in general. In the present study, we therefore examined the degree and 
timing of hand and shoulder displacements in participants with hemiparetic cerebral palsy.
To date, the degree and timing of shoulder displacements in movements performed by 
people with cerebral palsy have only been studied in isolated movement tasks. In the 
present study, however, we address this issue in three different motor tasks: hitting, 
reaching, and grasping. The main objective of our study was to gain more insight into the 
role of shoulder displacements in movements performed by people with hemiparetic 
cerebral palsy. In addition, the study also allowed us to establish the generality of some of 
the conclusions reported in related studies to which we turn next.
Several studies have addressed the issue of the timing of shoulder displacement in 
motor tasks performed by hemiparetic patients. For example, with respect to pointing 
movements in hemiparetic patients, Archambault et al. (1999) and Cristea and Levin 
(2000) examined whether the timing pattern of shoulders and endpoint motion was 
disrupted. In the Archambault et al. (1999) study, participants were required to reach for a 
target (a) without shoulder motion, (b) with forward shoulder motion (in-phase 
movements), or (c) with backward shoulder motion (out-of-phase movements). Although 
the patients were able to compensate for the effects which the various degrees of shoulder
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involvement had on the displacements of the hand, they accomplished this at the cost of a 
reduced movement fluency as reflected by a larger number of zero crossings in the 
acceleration profile compared to healthy participants. Additionally, Archambault et al.
(1999) found an inconsistent sequencing in the recruitment of the shoulders and hand in 
stroke patients—that is, the timing of shoulder and hand onsets was found to vary 
considerably between trials. They suggested that the recruitment and sequencing of 
different degrees of freedom may be impaired in hemiparetic participants.
Cristea and Levin (2000) correlated deficits in hemiparetic patients both with the level 
of functional impairment and with the size of shoulder displacements. Additionally, to 
examine the effects of having to rely on proprioceptive feedback only, participants in their 
study were asked to make pointing movements without visual feedback. It was shown that 
the use of compensatory strategies was indeed related to the degree of motor impairment. 
Severely to moderately impaired participants recruited new degrees of freedom to 
compensate for motor deficits, while mildly impaired participants tended to employ 
movement patterns that were comparable to those of healthy, control subjects. 
Furthermore, inter-joint coordination was concluded to be disrupted in the experimental 
group, a conclusion we recently also arrived at (Steenbergen et al., 2000). Cristea and 
Levin (2000) argue that the displacement of the shoulders is probably a compensatory 
strategy in response to reduced joint mobility. They suggest that during recovery from 
stroke, the nervous system retains the ability to exploit the redundancy of the motor 
system by substituting lost elements of the motor pattern (the full range of elbow 
extension and shoulder adduction) with new elements (displacement of the shoulders by 
means of trunk translation and rotation) to achieve the functional goal.
In order to gain more insight into the role of the shoulder displacement in movements 
performed by people with spastic hemiparesis, we analyzed data gathered in experiments 
on hitting, reaching, and grasping movements. Other results of separate data analyses on 
this data-set in the context of research questions concerning the stability and flexibility of 
movement control in spastic hemiparesis can be found in Van Thiel et al. (1997) and 
Steenbergen et al. (2000). In our experiments, both unimanual and bimanual movements 
were performed by young adults with hemiparetic cerebral palsy. On the basis of the 
findings in the studies reported by Archambault et al. (1999) and Cristea and Levin
(2000), we expected that the displacement of the shoulders in task completion would vary 
as a function of task and the arm used (i.e., the impaired or unimpaired arm). Due to the 
restricted ranges of motion of elbow joints, we expected more (ipsilateral) shoulder 
displacement in tasks performed by the impaired arm than in those performed by the non­
impaired arm. However, on the basis of the assumption that increased shoulder 
displacement is a natural compensatory strategy to cope with reduced joint mobility, we 
expected shoulder displacements not to affect the fluency of the hand movements (Cristea
& Levin, 2000; Kaminski et al., 1995; Ma & Feldman, 1995; Marteniuk & Bertram, this
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issue). In contrast, we expected that participants would be able to maintain output 
invariance in this respect.
With respect to the timing of shoulder and hand involvement several outcomes were 
considered possible. In line with earlier observations showing that hemiparetic participants 
make more segmented movements (Cristea & Levin, 2000; Steenbergen et al., 2000), we 
expected that participants with hemiparesis would show a different timing pattern when 
moving with their impaired hand as compared to their unimpaired hand. Furthermore, the 
motion timing pattern was expected to be more variable at the impaired side than at the 
unimpaired side, since Archambault et al. (1999) suggested that inconsistent sequencing 
patterns were possibly characteristic of movements performed by hemiparetic participants. 
Here, we examine the sequencing of hand and shoulder displacements by analyzing both 
the asynchrony between hand and shoulder displacement-onset and the asynchrony 
between hand and shoulder moment of peak velocity.
Method
Participants
A group of 8 mild to moderate hemiparetic individuals were selected to participate in 
the experiments. Six participants took part in both the reaching and grasping experiment, 
and 7 participated in the hitting experiment. Only 5 participants performed all three tasks 
because not all participants were capable of either holding the rod in the hitting task or 
grasp the objects in the grasping task. At the time of the experiments, the participants were 
pupils at the Foundation Werkenrode, where they followed an adapted educational 
program. Additional participant information is given in Table 1.
Table i. Participant information.
Participant Tasks perform ed2 Age Diagnosis
MB H,R,G 19 Left hemiparetic
PdJ H,R,G i9 Right hemiparetic
MvD R,G iS Left hemiparetic
KP H,R,G i7 Left hemiparetic
MvE H,R,G i9 Left hemiparetic
PT H,R,G i5 Left hemiparetic
PS H 20 Right hemiparetic
RP H i7 Right hemiparetic
Note: all participants were male 
aH: Hitting; R: Reaching; G: Grasping
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Task
Figure 1a shows the experimental setup for the hitting task. In this task, participants 
performed unimanual and bimanual hitting movements with hand-held rods to circular 
targets projected on a screen. Targets were projected on the screen by means of a beamer, 
either in front of the impaired arm, in front of the unimpaired arm, or in case of two 
equally sized targets, one in front of each arm. The participant had to hit a single target 
with the corresponding arm or, when both targets were presented, to hit these with both 
arms simultaneously. Participants were instructed to hit the target(s) with the tip of the rod 
quickly, immediately after target appearance. A similar setup was used in the reaching and 
grasping experiments, but now participants had to either push a button or grasp and lift 
small blocks. The experimental setup for the reaching task is shown in Figure 1b. The 
participant sat at a table and rested his/her hand on start boxes. The illumination of LEDs 
embedded into the table just in front of the button to be pushed, or block to be grasped, 
indicated both start and type of trial. When only one LED was illuminated, the participant 
had to perform the task with the corresponding arm. When both LEDs were illuminated 
the participant had to perform the task bimanually. Participants were instructed to perform 
the task as quickly as possible upon illumination of the LEDs. The grasping task was 
identical to the reaching task with the exception that small blocks had to be grasped and 
lifted. In all three tasks, two target sizes that were tested in separate blocks were used. In 
the hitting task targets with a diameter of 2 cm (small) and 5 cm (large) were used. In the 
reaching and grasping task, buttons of 3 cm and 5 cm in diameter and blocks with a width 
of 3 cm and 5 cm were used. Twelve replications of each condition had to be performed, 
resulting in 72 trials per task per participant.
Measurement and Data Analysis
In the reaching and grasping task IREDs (Infra-Red light Emitting Diodes) were placed 
on the wrists and shoulders of both arms of which the displacements in time were recorded 
at 200 Hz by means of a 3D motion tracking device (Optotrak 3020). The placement of the 
IREDs is shown in Figure 1b. For the hitting task, the placement of the shoulder IREDs 
was the same as in the reaching and grasping task, and the displacement of the tip of the 
rod was calculated from three IREDs attached to the end of the rod (see Figure 1a). The 
displacements of the wrist in the reaching and grasping task and the displacements of the 
tip of the rod in the hitting task were both treated as hand displacements.
Several kinematic variables were computed from the displacement measurements after 
filtering with a second order Butterworth filter with zero-phase lag and an effective cut-off 
frequency of 20 Hz. Movement time was defined as the time between start and end of 
movement. Start of the movement was determined by finding the moment prior to the 
moment of peak tangential velocity at which the hand reached 10% of the peak velocity.
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Figure 1 —  Top views o f the hitting task  (a) and reaching task (b). In the hitting task, 
the participant held a rod (21 cm: diameter 2.5 cm) in each hand. Attached to the tip 
o f the rod was the pod o f a badm inton shuttle cock to enable firm but safe impacts 
with the screen. The rod was made from light wood and was covered with duct tape to 
realize a comfortable grip. For a comprehensive description o f the materials used and 
procedures applied in  the reaching and grasping task, see Steenbergen et al. (2000).
The same procedure was applied to the shoulder displacement to determine the start and 
the moment of peak velocity. Whereas, start of displacement and moment of peak velocity
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could be determined by automatic segmentation using custom written software for both 
the hand and shoulder, the end of hand and shoulder displacements was determined by 
semi-interactive segmentation. The end of the movement was defined as the moment at 
which the hand reached the target. Note that we thereby excluded the grasping phase (i.e., 
finger-object manipulation) of the grasping task. This procedure allowed comparisons 
between tasks as we determined the same moments for all three tasks; the start of 
movement, moment of peak velocity, and moment of contact with either the screen, 
button, or block. Trials with excessive movement times, excessive late starting moments, 
or otherwise erroneous task execution were marked invalid and were excluded from the 
analyses.
Shoulder involvement was defined as the absolute Euclidean distance traveled by the 
shoulder from the start to the end of movement. A measure of dysfluency of the hand 
movements was calculated as the number of peaks and valleys in the tangential velocity 
profile of the hand between the start and end of the hand movement. Since these values 
covary with movement time, they were time-normalized to be able to compare them across 
tasks and across arms.
Two measures reflecting the timing of the shoulder displacement relative to the hand 
displacement were calculated. First, by subtracting the time at which the hand started to 
move from the time at which the (ipsilateral) shoulder started to move, we obtained a 
measure of onset asynchrony. Secondly, by applying the same procedure to the moments 
of peak velocity for the hand and shoulder, we obtained a measure of peak-velocity 
asynchrony. Both measures were considered indices of the sequencing of segment 
involvement. Therefore, in the remainder of this article, we will use the term sequencing 
for these asynchrony measurements. For both these measures, the standard deviation over 
trials served as a measure of the within-subject variability of sequencing.
Design and Statistical Analyses
For each task separately (hitting, n = 7; reaching, n = 6; grasping, n = 6), we analyzed 
statistically the effects of task execution (unimanual, bimanual), hand (impaired, 
unimpaired), and target size (large, small) on six dependent variables: (a) distance traveled 
by the shoulder, (b) dysfluency of the hand movement, (c) onset sequencing, (d) 
variability of onset sequencing, (e) peak sequencing, and (f) variability of peak 
sequencing. Only within-task effects were analyzed statistically using a three-within 
subject factors repeated measurement design. Between-task comparisons of means are 
descriptive only to preserve a parsimonious statistical analysis of this extensive 
experimental design. For this same reason, the means reported on movement time, peak­
velocity, and distances traveled by the hands are descriptive only. We verified that 
differences in task means did not result from large between-group differences by 
comparing the means of individuals to the task mean. As a rule, the individual means 
corresponded to the task mean. The significance level was set at .05.
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Results
We start by giving a brief description of the general task performance and a 
characterization of task execution on the basis of individual velocity profiles and on the 
basis of the movement times and peak velocities. Subsequently, we discuss the 
displacement of the shoulders by presenting the results pertaining to the distances traveled 
by the shoulder between start and end of movement. The relationship between 
displacement of the shoulders and the fluency of the hand is then discussed. The 
sequencing of the hand and shoulder displacements is analyzed in two ways. First, we 
present the results of our analysis of onset sequencing and a discussion of the analyses of 
the standard deviation of this measure, which served as a measure of variability of the 
onset sequencing pattern. Second, we present the results of our analyses on peak 
sequencing and the variability of this measure.
General Performance
The participants were able to perform the tasks in 97% of the trials. Only 3% of the 
trials were classified as invalid due to extreme reaction times, extreme movement times or 
otherwise erroneous task execution. Mean distances traveled by the hand were 22, 30, and 
38 cm for the hitting, reaching, and grasping tasks, respectively.
Velocity Profiles of Individual Trials
Figure 2 shows representative velocity profiles for both hands and both shoulders for 
trials performed during unimanual task execution (left panels) and for trials during 
bimanual task execution (right panels). The top two panels show trials in the hitting task, 
the middle panels show trials from the reaching task, and the bottom panels show velocity 
profiles of trials from the grasping task. Several interesting effects become apparent from 
these figures. Typically, there is an asymmetry between the impaired and unimpaired hand 
when comparing them during unimanual task execution. This asymmetry largely 
disappears during bimanual task execution because the unimpaired hand adapts to the 
impaired hand. While in hitting movements the shoulders reach peak velocity before the 
hand reaches peak velocity, during reaching and grasping movements this pattern reverses. 
Also, the more or less bell-shaped velocity profiles observed in both the reaching and 
grasping tasks are not present in the hitting task. In the latter task, the impact with the 
screen ends the movement abruptly. There is less shoulder velocity in the hitting task 
compared to the other tasks but primarily during unimanual task execution.
Movement Times
We inspected the movement times as a general assessment of task performance. Mean 
movement times are depicted in Figure 3. The top panel presents the means for the hitting 
task, the middle panel presents the means for the reaching task, and the bottom panel 
presents the means observed in the grasping task. White bars represent means observed for
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the impaired hand, and black bars represent the means observed for the unimpaired hand. 
Within each panel, the four bars to the left are the means observed during unimanual task 
execution, while bars to the right represent means observed during bimanual task 
execution. Finally, adjacent bars of the same color represent from left to right means
Unimanual
Reaching
Bimanual
Hitting
Reaching
Time (s) Time (s)
Figure 2 —  Representative velocity profiles. The top two lines in  each panel represent 
the velocity profiles o f the two hands. The lower two lines in each panel represent the 
velocity profiles o f the corresponding ipsilateral shoulders.
observed for large and small targets, respectively. This organization is used in all 
subsequent figures. Mean movement times were 540, 651, and 728 ms for the hitting, 
reaching, and grasping tasks, respectively. A difference in movement times between hands 
can be observed in unimanual task execution. This difference disappears during bimanual 
task execution, as the unimpaired hand adapts to the movement time of the impaired hand.
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Movement Time
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Figure 3 —  M ean values and standard deviations across participants for the 
movement time as a function o f hand, task execution, and target size (see text for the 
representation o f the bars).
Displacement of the Shoulders
Shoulder displacement was defined as the Euclidean distance traveled by the shoulder 
between the start and end of its movement. In Figure 4 (left panels), it can be seen that the 
shoulder displacement was 9 cm in the hitting task, 12 cm in the reaching task, and 15 cm 
in the grasping task. Given the mean hand displacements specified above, these shoulder 
displacements were regarded considerable (about 40% of hand displacement in each task). 
Furthermore, in all three tasks there was more shoulder displacement during bimanual task 
execution than in unimanual task execution. For the hitting, reaching, and grasping tasks 
the test statistics were F1;6 = 15.88, p  < .01; F 1>5 = 19.01, p  < .01; and F1>5 = 24.71, p  < .01,
0
1
0
1
0
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respectively. Although these effects can be attributed primarily to increases in the shoulder 
displacement of the unimpaired shoulder, the impaired shoulder also travels a greater 
distance during bimanual task execution in all three tasks and especially in the hitting task. 
During unimanual task execution, the impaired shoulder travels a longer distance 
compared to the unimpaired shoulder. The effect of hand used, however, is only 
significant for the reaching and grasping task, F1>5 = 12.65, p  < .05 and F 1>5 = 16.52, p  < 
.05. A significant interaction between task execution and hand for all three tasks indicated 
that the between-arm difference in the distance traveled by the shoulders is different in the 
unimanual compared to the bimanual task execution. Statistics were F1>6 = 7.65, p  < .05, 
F 1>5 = 12.58, p  < .05 and F 1>5 = 13.66, p  < .05, for the hitting, reaching, and grasping tasks, 
respectively. No significant effects on the shoulder displacement were observed as a 
function of target size.
Dysfluency
The dysfluency of hand movement, defined as the (time-normalized) number of peaks 
and valleys in the tangential velocity profile corresponding to the hand displacement, are 
depicted in the right-hand panels of Figure 4. The dysfluency values for the hitting, 
reaching, and grasping tasks were 10.43, 8.11, and 7.35 velocity-in versions/s, 
respectively.
In the hitting task target size caused significant variations in the dysfluency of the hand 
displacements. Smaller targets caused less fluent motions F1>6 = 8.61, p  < .05. No main 
effects of task execution were observed. Thus, with respect to our hypothesis on the 
effects of variations in shoulder displacements on the fluency of the hand, it is important 
to note that the amount of dysfluency during unimanual versus bimanual task execution is 
not significantly different, while the distances traveled by the shoulders did vary 
significantly between these conditions.
In the reaching task, the impaired hand was less fluent compared to the unimpaired hand 
F 1>6 = 9.74, p  < .05. This was the case in both the unimanual and bimanual task execution. 
No other significant effects were observed. In the grasping task the hands differed only 
marginally F1>5 = 6.17, p  = .056. No significant effects of task execution or target size 
were observed on our measure of dysfluency. Again, with respect to our hypothesis on the 
effects of shoulder displacement on hand fluency, we emphasize that the shoulder 
displacements varied as a function of task execution but hand fluency did not.
Onset Sequencing
From the mean values of onset sequencing shown in the left-hand panels of Figure 5, it 
can be seen that for all three tasks, the shoulder started to move before the hand started to 
move, (i.e., the mean values are positive). Also, note from the standard deviations that the 
variation among participants was large. The only significant effect was that the mean onset 
difference was larger for the unimanual task execution compared to the bimanual task
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execution in the hitting task F i>6 = 8.73, p  < .05. Overall mean onsets differences per task 
were 52, 80, and 79 ms for the hitting, reaching, and grasping tasks, respectively.
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Figure 4 —  M ean values and standard deviations across participants for the distances 
traveled by the shoulders (left panels) as a function o f hand, task execution, and target 
size. The panels to the right represent the m ean number o f peaks and valleys in  the 
velocity profiles o f the hand normalized in time as a measure o f fluency o f the hand.
The means are displayed similarly to Figure 3.
Variability of Onset Sequencing
Much to our surprise the within-subject variability of the onset sequencing (depicted in 
the right-hand panels of Figure 5) of the impaired side was not significantly larger than 
that of the unimpaired side in any of the three tasks. This finding contradicts the
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conclusions of Archambault et al. (1999) that hemiparetic participants may have an 
impaired ability to consistently time hand and shoulder movement onsets and also 
invalidates our prediction that the variability of the onset sequencing would be 
significantly increased.
Peak Sequencing
Whereas the onset sequencing pattern was equal across tasks, our measure of peak 
sequencing was clearly different between tasks (see left-hand panels in Figure 6). For the
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Figure 5 —  M ean onset asynchronies are shown in the left panels. The within-subject 
variability o f the onset asynchrony is shown in the right panels. Error bars reflect 
between-subject variability (standard deviations). The means are displayed similarly 
to Figure 3.
hitting task, the mean values of peak sequencing were positive, indicating that the hand 
reached peak velocity later than the shoulder. For the reaching and grasping task, the
0
0 0
0 0
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pattern was the opposite—that is, the hand reached peak velocity prior to the moment at 
which the shoulder reached peak (tangential) velocity. Also, the interval between peaks 
was larger in the grasping task compared to the reaching task. Mean peak sequencing 
values were +128, -121, and -145 ms for the hitting, reaching, and grasping tasks, 
respectively. It must be noted, however, that these values are not normalized. The relative 
peak sequencing pattern (thus, relative to movement time) for the reaching and grasping 
tasks were 121/651 = .186 and 145/728 = .199. Therefore, the relative peak sequencing 
patterns between reaching and grasping do not differ strongly. Still, a different peak 
sequencing pattern is apparent between the hitting task compared to the reaching and 
grasping task. Such a between-tasks difference was not present for the mean onset 
sequencing.
No main effects for hand, task execution, or target size were observed in the hitting task. 
In contrast, for both reaching and grasping, the peak sequencing pattern varied 
significantly as a function of hand and task execution. The statistics were F i>5 = 25.98, p  < 
.01 and F i>5 = 19.46, p  < .01 for the reaching task and F i>5 = 16.74, p  < .01 and F i>5 = 
10.83, p  < .05 for the grasping task. For both reaching and grasping, the interval between 
tangential-velocity peaks is significantly longer in the bimanual task execution compared 
to the unimanual task execution. Furthermore, the impaired hand displays a significantly 
different sequencing pattern compared to the unimpaired hand; the time between peaks is 
significantly larger in the impaired hand. It might be argued that this absolute difference is 
confounded by the fact that the impaired hand moves slower compared to the unimpaired 
hand. Although this is true for unimanual task execution, during bimanual task execution 
the movement times of both hands are equal, while the difference in peak onset 
sequencing persists. Therefore, the between-arm difference in peak sequencing is 
significant. It is surprising that no interaction between hand and task execution was 
observed—that is, the between-arm difference did not vary as a function of task execution. 
It appears that the between-arm coupling in movement time during bimanual reaching and 
grasping is absent with respect to peak sequencing.
Variability of Peak Sequencing
Neither for the hitting nor for the reaching task did any of our experimental factors lead to 
significant differences in our measure of variability of peak-velocity sequencing. In the 
grasping task, however, there was a significant difference as a function of hand used. The 
impaired side displayed more variability compared to the unimpaired side, F i>5 = 27.31, p  
< .01. Moreover, this between-side difference was significantly larger during unimanual 
task execution compared to bimanual task execution Fi>5 = 8.62, p  < .01. Actually, the 
variability of the impaired side decreased during bimanual task execution, whereas the 
variability of the unimpaired side increased during bimanual task execution.
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panels. Error bars reflect between-subject variability (standard deviations). The means 
are displayed similarly to Figure 3.
Discussion
In the present study, we examined in three different motor tasks performed by young 
adults with hemiparetic cerebral palsy, the recruitment of shoulder displacement, and its 
effect on hand fluency as well as the sequencing of the shoulder and hand displacements. 
In line with our expectations, the fluency of the impaired hand was not influenced by the 
amount of shoulder displacement. Especially in the hitting task, the impaired hand
0 0
0
0
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displayed an equal amount of dysfluency during unimanual versus bimanual task 
execution, while the distances traveled by the shoulders did vary significantly. The results 
indicate that the hemiparetic participants in the present study preserved invariance in terms 
of fluency of hand movement under variations of shoulder displacement as healthy 
participants do (Kaminski et al., 1995; Ma & Feldman, 1955; Marteniuk & Bertram, this 
issue; Saling et al., 1996).
The consistent increased dysfluency of the impaired hand compared to the unimpaired 
hand during unimanual reaching and grasping may be attributed to the fact that shoulder- 
elbow angular coordination in reaching and grasping is segmented (Steenbergen et al., 
2000; see also Levin, 1996). Movements at the impaired side start primarily with a large 
shoulder flexion and elevation, followed by elbow extension. This is evidence for a 
proximal to distal movement unfolding, and it might well be that the transition between 
these joint regimes causes the decreased fluency of the impaired hand. This suggestion is 
strengthened by the analysis of temporal sequencing between shoulder and hand at 
movement onset and at peak velocity that was done in the present experiment. 
Furthermore, Van Thiel et al. (2000) showed that an increase in spatial variability may be 
a prime characteristic of hemiparetic movements. This may have contributed to a decrease 
of fluency in the impaired hand. Especially when task execution requires fine finger and 
hand manipulations (as in pushing a button and grasping blocks), between arm differences 
in fluency become apparent, since hemiparetic participants experience the largest 
difficulties with the control over distal components.
Besides examining the fluency of the hand as a function of shoulder displacement, the 
present study was also concerned with the temporal relationship (sequencing) between 
shoulder and hand displacement and the stability of this sequencing. We constructed two 
measures of sequencing—namely, movement onset and peak-velocity asynchrony. We 
discuss the onset sequencing first followed by the discussion of the peak sequencing.
It was generally found that the onset of shoulder displacement consistently preceded the 
onset of hand motion in all three tasks for both the impaired and the unimpaired hand (see 
Figure 4). Moreover, none of the task variables manipulated exerted any influence on the 
stability of this sequencing measure. This pattern resembles the onset sequence that has 
been observed in healthy participants (Ma & Feldman, 1995; and to a lesser degree Saling 
et al., 1996) but is dissimilar from that found by Archambault et al. (1999) in hemiparetic 
patients. In the latter study, patients started with either the hand or the shoulder. They were 
unable to stabilize the sequence of shoulder and hand movements within a set of trials. It 
must be noted that a possible drawback of the study of Archambault et al (1999) is that 
participants were instructed to restrict any rotational movements of the shoulders (only 
forward and backward movements were allowed) and that participants were explicitly 
instructed to move the shoulders together with the hand in the in-phase and out-of-phase 
conditions. Perhaps these restrictions and instructions influenced task performance
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negatively, since we have shown in a recent study (Steenbergen et al., 2000) that in 
reaching and grasping movements in hemiparesis a considerable part of shoulder 
displacement is due to rotations of the trunk. This suggests that restricting motion of the 
shoulders to forward motion only might hinder the natural tendency in hemiparetic 
participants to make use of rotation and, in the worst case, force participants into difficult 
and unwanted movement patterns. In line with Marteniuk and Bertram (this issue), we 
therefore strongly plead for the study of unrestricted movements to explore the full 
adaptive capacity of the disordered movement system.
In peak sequencing we observed in the reaching and grasping tasks effects of both hand 
and task execution. In our opinion, this may reflect the natural preference of the impaired 
movement system to adapt to the constraints imposed (cf. Latash & Anson, 1996). This 
implies that participants with hemiparetic cerebral palsy are capable of finding a solution 
to the degrees of freedom problem, but they solve it differently for their impaired side than 
for their unimpaired side. Furthermore, since both hands showed similar variabilities of 
the peak sequencing patterns for the hitting and reaching task and similar variabilities of 
the onset sequencing for all three tasks, we conclude that the sequencing patterns that were 
realized were stable (i.e., invariable) yet different between the hands. These results 
challenge the conclusions of Archambault et al. (1999) that the recruitment and 
sequencing of the different degrees of freedom in hemiparetic individuals may be 
impaired. We must stress, however, that their conclusions are based upon comparisons 
between healthy and hemiparetic movements, whereas our conclusions are based upon 
comparisons between movements of the unimpaired and impaired side within the same 
participants. It is a well established fact that the unimpaired arm of hemiparetic 
participants also displays deficits (Baldiserra et al., 1994; Thilmann et al., 1990; Van Thiel 
et al., 2000). Still, between-arm comparisons in hemiparetic cerebral palsy are very 
informative, especially when clear between arm differences exist as was the case in the 
present study. In this light we can still conclude that under unrestricted movement 
conditions, the sequencing of impaired shoulder and hand motion in participants with 
hemiparetic cerebral palsy may be optimal; stable and functional solutions are achieved.
Only in one instance did our results suggest that the sequencing of degrees of freedom 
might be impaired in hemiparesis. For the grasping task, the peak-velocity sequencing 
pattern for the impaired arm was significantly more variable compared to the unimpaired 
arm but only during unimanual task execution. It is well established that a strong coupling 
in time exists between the moment of peak velocity of a movement and the moment of 
maximum aperture in grasping tasks (Jeannerod, 1988). This is the case in both healthy 
and hemiparetic movements. Furthermore, hemiparetic participants experience the 
strongest difficulties with the control over the distal musculature (i.e., the fingers and the 
hand), which is specifically required in grasping (see e.g., Steenbergen et al., 1998, 2000). 
Realizing that our measure of peak sequencing depends directly upon the moment of peak
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velocity, which correlates strongly with moment of maximum aperture, it is no surprise 
that significant increases in variability for the impaired hand are only observed in the 
grasping task. Therefore, the finding that the variability of the peak sequencing pattern of 
the impaired hand is increased in unimanual grasping does not contradict our views on the 
ability of participants with hemiparetic cerebral palsy to recruit and sequence their degrees 
of freedom to perform arm movements.
During bimanual grasping, there was no difference between the hands with respect to 
the variability of peak sequencing. Compared with unimanual task execution, the 
variability of the impaired hand decreases during bimanual task execution, whereas the 
variability of the unimpaired hand increases. These observations might present evidence 
for a between-hands coupling with respect to the moment of maximum aperture and 
therefore also the moment of peak-velocity. This effect is even more surprising when we 
realize that the between hands difference in peak sequencing patterns persisted during 
bimanual task execution. Perhaps it suggests that control over the moment of maximum 
aperture is unrelated to the control mechanisms determining the peak sequencing pattern. 
Although this reasoning is speculative only, it may well be a very interesting topic for 
further investigation, especially since any possible beneficial transfer effect from the 
unimpaired hand to the impaired hand can be of great advantage in the rehabilitation and 
training of people with hemiparetic cerebral palsy.
In sum it appears that participants with hemiparetic cerebral palsy experience no 
difficulties with finding solutions to the degrees of freedom problem (Bernstein, 1967) 
when making movements with their impaired arm. We find that, although different 
solutions are accomplished with the impaired arm, these solutions are not affected by the 
disorder in the sense that they are more variable (i.e., unstable) compared to the 
unimpaired arm. Also, the observation that our measurements of hand movement fluency 
did not vary as a result of increases in shoulder movements suggests that these participants 
preserve the ability to maintain end-effector invariance as healthy participants do. 
Adaptations to the disorder do give rise to differences in task execution and thereby in task 
performance, but shoulder displacement remains an integral part of arm movements in 
hemiparetic cerebral palsy, albeit in different magnitudes and differently sequenced.
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4Kinematics of fast hemiparetic aiming movements 
toward stationary and moving targets
Edwin Van Thiel, Ruud G. J. Meulenbroek, Wouter Hulstijn and Bert Steenbergen
Abstract
The aim of the present study was to gain insight into the control that hemiparetic 
subjects have over fast, unimanual aiming movements. Twelve hemiparetic subjects with 
cerebral palsy and twelve healthy subjects were asked to hit, as quickly as possible, 
stationary and moving targets projected onto a frontoparallel screen. The task was 
performed with the nonpreferred (spastic/nondominant) and preferred 
(nonspastic/dominant) arm. Although the pattern of kinematics of hemiparetic subjects 
generally corresponded with that reported in earlier reaching and grasping studies, the 
commonly observed prolonged movement time of the nonpreferred arm as compared to 
the preferred arm was absent. The spatial variability of the lateral hand displacements 
toward stationary targets was highest in the spastic arm of the hemiparetic subjects, 
indicating diminished motion stability. Even though hemiparetic subjects were expected to 
be unable to adjust their movements flexibly to the position and the velocity of a moving 
target, they used an initial estimate of where moving targets would be hit in the same way 
as the healthy subjects did, i.e., they started aiming toward a position in front of the target. 
In both subject groups, this spatial estimate and the movement time (MT) varied as a 
function of target velocity, suggesting that the use of target-velocity information in hitting 
moving targets is unaffected in spastic hemiparetic subjects. The results are related to 
possible deficits in the regulation of cocontraction underlying movement stability.
Chapter 4
Introduction
Spastic paresis can be described as a dramatic motor disturbance resulting from lesions 
to the brain. The disorder is characterized by a variety of posture- and motion-related 
symptoms. A prominent feature of spasticity is a velocity-dependent increase in stretch 
reflex responses with exaggerated tendon jerks. The hyperexcitability of the stretch reflex, 
which also leads to an increase in muscle tone (Katz & Rymer, 1989), has been attributed 
to several neural mechanisms, including permanent physiological changes in muscle tissue 
(for reviews, see Carr et al., 1995; Katz & Rymer, 1989). Generally, evidence suggests 
that a loss of control over presynaptic inhibition of the motor neuron pools gives rise to 
the observed symptoms (Stein, 1995). The disturbed modulation of the motor neuron pool 
activity is thought to result in increased excitability of the motor neurons. Obviously, these 
neural deficits have strong implications for the control of hemiparetic arm movements. 
What these implications are, however, is not yet fully known.
The main aim of the present study was to gain insight into the control of arm 
movements in spastic hemiparesis. Whereas in clinical assessment the severity of spastic 
symptoms is evaluated by measuring the resistance against passive movement (Barnes et 
al., 1994; Brunnstrom, 1970; Carr et al., 1995), insight into the motor control problems in 
hemiparetic subjects can only be acquired through analyses of active, self-generated 
movements. A prominent theory of motor control, i.e., the lambda model (Feldman & 
Levin, 1995), suggests that motor neuron threshold properties play an important role in the 
regulation of active movement. According to this model, the reflex responsiveness is 
modulated by adjustments of the motor neuron pool excitation threshold. Therefore, the 
reflex mechanism, which at first sight may be seen as a sensory process only, is 
considered to play an essential role in controlling active movement. The intimate relation 
between kinesthesia and efferent control may be a useful theoretical framework within 
which to describe spasticity as a motor disorder (cf. Mon-Williams et al., 1999).
One of the assumptions of the lambda model and also of other models of motor control 
(Bullock and Grossberg, 1991) is that the stiffness of the effector system is controlled by 
varying the amount of cocontraction of antagonistic pairs of muscles. Appropriate stiffness 
levels are required to maintain stability during motion and, of course, to control balance in 
general. Consequently, due to an inability to regulate appropriate stiffness levels 
underlying the stability of movement, we expected to observe increased levels of 
movement variability in the task performance of our subjects.
In order to gain insight into the control of spastic arm movements, most studies on 
active hemiparetic upper limb movements have used simple reaching and grasping 
movements toward stationary targets (Levin, 1996; Roby-Brami et al., 1997; Steenbergen 
et al., 1998, 2000; Trombly, 1992). In this study, however, we investigate fast aiming 
movements. Even though high movement speed is known to elicit increased levels of
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spasticity, a pilot study showed that subjects with mild to moderate hemiplegia are capable 
of performing fast hitting movements with reasonable accuracy (Van Thiel et al., 1997). In 
the present study, we investigate fast hitting movements for several reasons. First, since 
we wanted to gain more insight into the control of hemiparetic arm movements, we 
selected movements that are associated with inducing increased levels of spasticity, i.e., 
fast movements. Secondly, we wanted to extend the range of tasks in which hemiparesis is 
being investigated. In this respect the present study is exploratory. A third reason is that in 
fast hitting movements the demands on the fine control over distal components of the 
effector system are supposed to be lower as compared to grasping. Steenbergen et al. 
(1998) have shown that it is the control of the hand and finger movements in prehension 
that is most affected in hemiplegia. Furthermore, in fast hitting movements, active 
deceleration is absent, since this is taken care of by the impact with the surface being hit. 
We know of no study on hemiparetic arm movements that dissociates between the 
acceleration and deceleration components. Therefore, by using a hitting task in which 
deceleration need not be controlled actively, we were able to focus on the control of the 
acceleration phase of hemiparetic arm movements. Finally it must be noted that, although 
the decrease in fine control demands is beneficial to task performance, we expected the 
detrimental effects of making fast movements to be larger. Therefore, we expected task 
performance in the present task to be reduced as compared to other tasks.
As mentioned above, we expected that, due to an inability to regulate appropriate 
stiffness levels subserving the stability of movement, hemiparetic subjects would show a 
general increase in movement variability when performing hitting movements. 
Furthermore, since hitting movements are generally performed faster than reaching or 
grasping movements, we expected that the typical kinematic characteristics of reaching 
and grasping movements by spastic hemiparetic subjects would be more pronounced in 
the present experiment. Such characteristics include spatial errors (misses in aiming), 
prolonged MTs and reaction times (RTs), and lowered peak velocities (Levin, 1996; 
Roby-Brami et al., 1997; Steenbergen et al., 1998, 2000; Trombly, 1992).
Besides studying active and fast movements to gain insight into the control of 
hemiparetic arm movements, we also try to answer the question of whether hemiparetic 
subjects are capable of adapting their motor performance in a flexible manner (i.e., on a 
trial-to-trial basis) to target velocity when they are asked to hit moving targets of varying 
velocities. From earlier studies on aiming movements toward moving targets, it is known 
that MT decreases when targets move at higher velocities (Bairstow, 1987; van Donkelaar 
et al., 1992). This is even so when subjects are explicitly instructed to move as fast as 
possible (Smeets & Brenner, 1995). Is this phenomenon also present in the motor behavior 
of hemiparetic subjects? In an interception task where children with cerebral palsy had to 
knock a ball off a track at a fixed position, Van der Weel et al. (1996) showed that these 
children modulated their striking action to the available time slot, i.e., when they initiated
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a movement late they subsequently increased their movement speed. Also, a decrease in 
the temporal variability of the moments at which successive phases of the striking action 
were initiated (i.e., start of movement, start of hand acceleration, and start of hand 
deceleration) suggested a zeroing in toward arrival of the ball at the striking place. This 
led Van der Weel et al. (1996) to argue that the motor action was under continuous 
prospective visual guidance. Their results showed that in a timing task a perceptuomotor 
coupling is in effect in children with cerebral palsy, albeit significantly less strong than in 
a control group of nursery children. Since cerebral palsy is the primary cause of spastic 
paresis, is it then possible to replicate these findings in a task in which not only the 
moment of interception but also the place of interception is undetermined on a trial-to-trial 
basis? In an experiment involving fast aiming movements toward laterally moving targets, 
Brenner and Smeets (1996) showed that healthy subjects use an estimate of where a 
moving target of constant velocity will be hit to guide the movement of the hand, i.e., they 
aim toward a position in front of the target. Furthermore, they showed that the initial 
estimate was independent of target velocity. This strategy, when utilized in hitting moving 
targets of different velocities, results in systematic errors that need to be corrected during 
the movement. A strategy in which subjects guide their hand continuously as the estimate 
of where the target will be hit improves might prove to be impaired in subjects suffering 
from spastic hemiparesis, especially in light of the presumed problems associated with the 
control of stability of movement (Levin & Dimov, 1997) and the rigid postures associated 
with spastic synergies (Bobath, 1978; Brunnstrom, 1970). Moreover, there is some 
evidence that children suffering from cerebral palsy exhibit poor proprioception of hand 
position during movement (Van der Weel et al., 1996). Since this sensory process is 
important in controlling active movement, poor proprioception may induce problems with 
movement control (Feldman & Levin, 1995; Mon-Williams et al., 1999). We therefore 
expected that impairment of continuous, proprioception-based regulation of movement 
would probably force hemiparetic subjects to use a different movement strategy when 
hitting moving targets than healthy control subjects.
Several alternative movement strategies are imaginable in the context of hitting moving 
targets. Due to the rigid postures and associated stereotypical movement synergies, 
hemiparetic subjects will be restricted in their movement repertoire. Instead of varying the 
actual movement paths, other parameters might be varied to accomplish the task. Such 
variables typically include RT, MT, and interception location. If, for example, subjects are 
capable of tuning both their RT and MT, then subjects could use any combination of RT 
and MT to hit the target. Consequently, the interception location could be kept constant, 
allowing subjects to use a single movement path only, performing it faster or slower, or 
initiating it earlier or later. Secondly, if hemiparetic subjects are only capable of varying 
MT, then it may well be that hemiparetic subjects move faster to faster moving targets as 
healthy subjects do. In that case, no effects of target velocity on RT should be expected
62
Kinematics o f fast hemiparetic aiming movements toward stationary and moving targets
and, again, the final position at which moving targets are hit could be kept constant. A 
third and somewhat more extreme example would be the case in which a subject is only 
capable of making one standard movement. Then both MT and interception location 
would be constant and the subject would only have to vary movement initiation time to 
accomplish the task. In light of the problems associated with spastic hemiplegia and the 
expected difficulty of the present task for these subjects, we expected that the last 
mentioned strategy was most likely to occur.
We employed the experimental paradigm of Smeets and Brenner (1995) in which 
subjects are instructed to hit stationary and moving targets as quickly as possible. To 
determine which strategy hemiparetic subjects use, we applied a design in which we 
evaluated the movements of both the impaired and unimpaired arm of hemiparetic subjects 
and evaluated the movements of the dominant and nondominant arm in healthy subjects. 
In spastic hemiparesis, the unilateral nature of the deficit provides the methodological 
advantage of being able to compare the movements of the impaired side with those of the 
unimpaired side. Even though this advantage is limited (since bilateral control of proximal 
muscles may result in negative transfer effects from the impaired side to the nonimpaired 
side), between-arm comparisons in hemiparetic subjects are informative and have 
therefore received much attention, especially in studies involving reaching and grasping 
tasks.
To characterize the different movement strategies, we investigated several kinematic 
variables. These included RT, MT, peak velocity, and movement variability for stationary 
targets. For moving targets, RT, MT, peak velocity, and the initial movement directions of 
the hand were analyzed.
Materials and methods 
Subjects
Twelve hemiparetic and twelve control subjects took part in the experiment. At the time 
of the study, the hemiparetic subjects were pupils from the Werkenrode Institute 
(Groesbeek, The Netherlands), where they followed an adapted educational program. The 
control subjects were psychology students at the University of Nijmegen. All subjects 
were paid for their participation and gave signed consent. Additional subject information 
is given in Table 1. The hemiparetic subjects were preselected on the basis of having been 
diagnosed as having (1) stable hemiparesis and (2) the ability to stretch their arm enough 
to perform the experimental task under study. Furthermore, none of the hemiparetic 
subjects displayed cognitive dysfunction, and the only treatment they received was 
physiotherapy to prevent painful and disabling contractures.
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T able  1. Subject information.
Hemiparetic subjects (n=12)
age (years) Sex Etiology Other
1 16.1 M RH/CP -
2 17.5 M RH/BT -
3 19.4 M LH/CP -
4 17.7 M RH/CP -
5 20.1 M LH/CP -
6 17.5 F LH/CP Epileptic/scoliosis
7 17.3 M LH/CP m ild scoliosis
8 15.8 M RH/CP Epileptic
9 17.4 M LH/CP -
10 15.3 M LH/CP Epileptic
11 17,3 M LH/CP epileptic/right eye prosthesis
12 17.1 M LH/CP Epileptic
17.4 (mean)
Control subjects (n=12)
mean age Sex Dom inant hand
23 years 7F/5M 10 right handed/2 left handed
RH: right hemiparesis. LH; left hemiparesis. CP: Cerebral Palsy. BT; brain tumor.
Experimental setup
The subject was seated on a rigid chair positioned approximately 50 cm in front of a 
projection screen, which was tilted 30° to the vertical. The subject held a rod in his/her left 
or right hand and was instructed to adopt a comfortable posture. This posture was such 
that, when the subject was holding the rod, his/her elbow was flexed and the rod was 
located at approximately the height of the subject’s head in a horizontal position (see Fig. 
1). The rod was made from light wood and was covered with ducktape (Rucanor) to 
realize a comfortable and secure grip. The rod was 21 cm long with a diameter of 2.5 cm 
and attached to its head was the pod of a badminton shuttlecock, which enabled firm but 
safe impacts with the screen.
A 3D motion-tracking system (Optotrak 3020) was used for recording the positions of 
two infra red-emitting diodes (IREDs) attached to the rod at a sampling rate of 300 Hz. 
The position of the tip of the rod was calculated in real time by linear extrapolation from 
the positions of the two IREDs attached to the rod. The resolution of the device was better 
than 0.1 mm in all three dimensions, as calculated from the variability of the distance 
between the two markers over the successive measurements of the entire experiment. The 
recordings of the rod positions were stored on the hard disk of the PC, which also 
provided feedback of the rod’s position to the experimenter between trials and regulated a 
second PC that guided the presentation of the stimuli that were projected on the screen by
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means of a LCD-video projector (M3, MP8030; 60 Hz). Data collection and stimuli 
presentation were synchronized with a constant delay of 20 ms.
Fig. 1. Subject in the experimental setup and definition of cardinal axes
Conditions and procedure
Three stationary and three moving circles were used as targets (diameter 2 cm). The 
stationary targets appeared either at -4 cm, 0 cm, or 4 cm lateral to the projection of the tip 
of the rod on the projection screen as measured, real time, immediately prior to target 
presentation (see Fig. 2). The moving targets, having constant velocities of either 6 cm/s, 9 
cm/s, or 12 cm/s, all appeared at 6 cm lateral to the projection of the tip of the rod on the 
screen, immediately prior to target presentation. The conditional values were determined 
in pilot experiments with hemiparetic subjects. This was done to ensure that hemiparetic 
subjects would be able to hit targets at the highest velocities in at least half of the trials. 
When right-handed movements had to be performed, the moving targets appeared at -6 cm 
(i.e., left) from the projected position of the tip of the rod on the screen, and moved toward 
the right. This ensured maximum visibility of the target for the subject, as it was not 
occluded by the moving hand until the moment of impact. For left-handed movements, the 
situation was mirror-reversed along the vertical axis. Each condition was presented 12 
times. The two Arm conditions (preferred vs nonpreferred; tested in separate blocks), two 
Target types (stationary vs moving), and three Target features (i.e., -4 cm, 0 cm, and 4 cm 
initial position for the stationary targets, and 6 cm/s, 9 cm/s, and 12 cm/s target velocity
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for the moving targets) were replicated 12 times each, resulting in a total of 144 trials per 
subject. Conditions were randomized within subjects. Trials with incomplete data due to 
invisible IREDs during motion were repeated immediately.
Target movement direction
-6 -4 0 4 cm 
□ o •  , •  •  □
35 cm •  Stationary Circles 
(diameter 2 cm) 
o Moving Circles Starting 
position 
(Target velocity 6, 9 and 12 cm/s)
Fig. 2. Top view o f a subject in  the experimental setup. The positions (relative to the 
tip o f the rod) on the screen where the targets appeared. For righthanded subjects, the 
moving targets moved from the left to the right; for lefthanded subjects, targets 
moved to the left
Between trials, real-time feedback on the position of the rod was given to the 
experimenter for the following purpose. A trial started with the experimenter guiding the 
subject by means of verbal instructions to position his/her hand that held the rod within a 
predefined virtual starting volume (20 20 10 cm, x, y, z, respectively; see Fig. 1). These 
instructions were based on the real-time position feedback (approximately 100 Hz) of the 
rod’s location in the workspace. The center of this volume was at a distance of 35 cm from 
the screen. After holding the hand still within the starting volume for an interval of either 
0.70 s, 0.85 s, 1.00 s, 1.15 s, 1.30 s, or 1.45 s, a target was projected on the screen.
The subject was instructed to hit the target with the tip of the rod as fast as possible as 
soon as the target appeared on the screen. When a target was hit, it immediately changed 
color (from yellow to red); if the hit target was moving, it also stopped. A target was hit 
when, at the moment of impact, the center of the tip of the rod was within 14 mm of the 
center of the target. This ensured that hits always corresponded with at least the side of the 
rod coinciding with the edge of the targets. When a (stationary or moving) target was 
missed, it accelerated to the left or to the right depending on whether the left or right hand
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was used for hitting. A miss thus resulted in the target moving to one of the edges of the 
screen with increased speed as soon as the tip of the rod touched the screen.
Subjects were allowed as many practice trials as they needed to get accustomed to the 
task and to find a comfortable posture, which they were asked to maintain during the 
experiment. The subjects could pace the experiment themselves by pausing between trials 
prior to moving the hand toward the virtual starting volume.
Data analysis
We restricted our analyses of the movements to the x-y plane, since we were interested 
in whether position and velocity information of the targets influenced the lateral hand 
displacement (see Fig. 1). The velocity-time function in the y-dimension was derived from 
the displacement data. RT was defined as the interval between the moment of target 
presentation and the moment at which a velocity of 0.1 m/s in the y-direction was reached. 
From this velocity-time function, the maximum velocity (Vmax) was determined. The end 
of a movement was defined as the moment of largest deceleration in this velocity-time 
function corresponding with the impact of the tip of the rod on the screen. It was used to 
calculate MT. Trials with more than one peak in the y-velocity profile were labeled 
invalid, because in these trials the subjects did not make a single, fast movement 
corresponding to the instruction to hit the target as fast as possible. For this purpose, a 
semi-interactive computer program was used that also allowed a visual inspection of the 
velocity profiles and the corresponding trajectories. Subsequently, the displacement data 
were filtered with a second-order Butterworth filter with zero-phase lag and an effective 
cut-off frequency of 25 Hz.
To give a characterization of the spatial variability of trajectories toward the stationary 
targets, we calculated the path variability (Pvar), defined as the variability of the lateral 
displacement across the entire trajectory. This was done for two reasons: first, the lateral 
dimension is the dimension of interest since we manipulated in this dimension; second, we 
wanted to inspect and characterize the entire trajectory and not just end-point accuracy. To 
be able to compare values of Pvar between subjects, we needed to remove the subject- 
dependent mean spatial effects, since these vary between subjects and especially between 
hemiparetic subjects, i.e., each subject shows his/her own typical movement strategy. In 
this context, we assumed that the mean trajectory represents a subject-dependent postural 
effect and that this effect remains stable within a subject, across conditions. To calculate 
the mean trajectory, we first time-normalized the trajectories to 150 data points. We then
3 Filtering was necessary in spite of the high accuracy of the motion-tracking device because of the 
amplification of the measurement errors caused by linearly extrapolating from the two markers to calculate 
the positions of the tip of the rod. Because of the discontinuity in the hitting movement at the moment of 
impact on the screen, RT, V  max , and MT were determined on the basis of unfiltered data, because filtering 
would have induced artifacts in the velocity profile of the y-displacement.
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determined the mean trajectory of all movements toward the stationary targets and 
subtracted this mean trajectory from the trajectory of each individual trial. Subsequently, 
the mean time-normalized trajectory for each condition, i.e., -4 cm, 0 cm, and 4 cm lateral 
to the tip of the rod, was calculated. If this procedure is correct then the mean trajectory 
toward the target at 0 cm (control condition) should resemble a straight line. Finally, from 
the calculation of the mean lateral trajectories, we obtained, for each of the 150 data points 
of this trajectory, a standard deviation that reflected the within-subject lateral displacement 
variability. We used the standard deviations, defined as the sum of the standard deviations 
along the entire time-normalized trajectory, to calculate Pvar.
Finally, to test our hypotheses on the regulation of movement and the incorporation of 
velocity information into motor performance when hitting moving targets, we calculated a 
so-called initial estimate (IE). The IE is the distance between the actual target position and 
the position toward which the hand is moving (in front of the target) at the moment the 
hand starts to move. The procedure we used to calculate IE is the same as used by Brenner 
and Smeets (1996). In short, the procedure encompassed two steps. First, since even for 
stationary targets the hand starts to move in a different direction from the direction toward 
the actual target position, we were able to determine the (linear) relationship between the 
position toward which the hand starts to move and the actual position of the target (see 
Fig. 3, top).
The intersection point of the tangent to the trajectory with the screen represented the 
position toward which the hand was moving. Subsequently, the observed linear 
relationship was used to calculate, for the moving targets, the position toward which the 
hand was moving (Fig. 3, bottom, gray dot). The difference between this position and the 
actual target position at that moment in time was used as our measure of IE. All 
calculations were performed per trial. For the exact details of the procedure, see Brenner 
and Smeets (1996).
Statistical analysis
For the stationary targets, the design included the factors Group (hemiparetic vs 
control), Arm (preferred vs nonpreferred)4 and Target (left, -4 cm; right, 4 cm). The 
effects of these factors on the RT, MT, Vmax , and Pvar were evaluated by means of 
ANOVAs with one between-subject factor (Group) and two within-subject factors (Arm 
and Target). For the moving targets, the effects of the factors Group, Arm, and Target 
Velocity (6 cm/s, 9 cm/s, and 12 cm/s) on RT, MT, Vmax , and IE were evaluated by 
means of similar ANOVAs.
4 The notation preferred/nonpreferred is used to characterize also the unimpaired and impaired arms of 
hemiparetic subjects.
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t = RT
Screen
Stationary target
IE 5x
<----------► A----------►
Moving target
Fig. 3. Procedure to calculate the initial estimate (IE). The curved line represents the 
trajectory o f the tip o f the rod. The thick solid line represents the screen. Top: The 
position where the tangent to the trajectory (at the moment the hand starts to move) 
intersects the screen does not correspond to the (stationary) target position. Bottom:
The abovementioned observed relationship was used to calculate the position toward 
which the hand was moving (gray dot) for the moving targets. This position is 
typically in front o f the actual target (open dot). The difference between the actual 
target position and the (derived) position tow ard which the hand was moving served 
as our measure o f IE
Results
After a presentation of the overall performance, the results for the hitting movements 
toward stationary targets are presented. Subsequently the results for the hitting movements 
toward moving targets are reported, and a comparison between movements toward moving 
and stationary targets is made.
General performance
Over the entire experiment (stationary and moving targets), subjects generally 
performed the task well. Nevertheless, in some trials subjects did not or could not obey the
8 x
<----------►
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instruction of making a single fast movement. This was primarily indicated by a 
multipeaked velocity profile of the displacement in the direction toward the screen. As 
stated above, not only trials with one peak in the velocity profile of the movement 
component toward the screen (y-direction; see Fig. 1) but also trials with excessive RTs or 
MTs were marked invalid and excluded from the analysis (less then 10% of the excluded 
trials). It is clear that such trials mainly occurred for movements made with the 
nonpreferred arm of hemiparetic subjects.
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Fig. 4. The large gray circles represent the target position and the small circles 
represent the places o f im pact o f the rod on the screen. W henever the center o f the tip 
of the rod was w ithin 14 mm (dotted circle) of the center of the target, the movement 
counted as a hit
Hitting stationary targets
Performance
For the hemiparetic subjects, 85% of the trials made with the nonpreferred arm were 
valid and 97% of the trials made with their preferred arm were valid. For the control 
subjects, these data were 99% and 100%, respectively. Of the valid trials, 48% were hits
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for the nonpreferred arm of the hemiparetic subjects. For their preferred arm, 82% of the 
trials were hits. For the control subjects, the percentages of hits were 80% and 86% for the 
nonpreferred and preferred arm, respectively.
Although half the trials with the nonpreferred arm of the hemiparetic group were 
misses, the mean end-point accuracy was high. Mean absolute error in these movements 
was 1.53 cm, with a standard deviation of 1.03 cm. The mean absolute errors for the 
preferred arm in the hemiparetic group and both the nonpreferred and preferred arm in the 
control group were similar. Mean absolute errors were 0.89 cm, 0.90 cm, and 0.81 cm, 
respectively (standard deviations: 0.52 cm, 0.50 cm, and 0.44 cm). Figure 4 shows 
representative examples of the absolute spatial errors of the hitting movements performed 
by a spastic hemiparetic subject (top panels) and a control subject (bottom panels) for the 
nonpreferred and preferred arms (lefthand and righthand panels, respectively).
Control Non-Preferred Postural Effect removed
Control Preferred Postural Effect removed
Lateral Deviation (m) Lateral Deviation (m)
Fig. 5A,B (B on next page). Representative trajectories toward the two stationary 
targets (-4 cm  and 4 cm) o f a control subject (A) and a hem iparetic subject (B). The 
trajectory in the middle in  the left panels (thick line) represents the mean trajectory of 
all trials tow ard the stationary targets. The trajectory in  the middle o f the right panels 
(thick line) represents the m ean trajectory tow ard the target at 0  cm  after subtraction 
o f the overall m ean trajectory. Note the different scales on the axes
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Hemiparetic Non-Preferred
Hemiparetic Preferred
Lateral Deviation (m)
Postural Effect removed
Postural Effect removed
Lateral Deviation (m)
Fig. 5B.
Kinematics
In Fig. 5, representative trajectories for a hemiparetic and a control subject are depicted. 
In Fig. 6, the relevant mean kinematic values are shown for each Arm of each Group. 
Reaction time
The mean RTs are depicted in Fig. 6A. Spastic hemiparetic subjects required a longer 
RT (394 ms) than the control subjects; the latter required a RT of 282 ms (F 1,22 =27.76, 
P<0.05). For the nonpreferred arm, a mean RT of 360 ms was observed; movements with 
the preferred arm required a shorter mean RT of 316 ms (F 1,22 =10.86, P<0.05). No 
significant variations of RT were observed as a function of Target. The expected 
significance of the Group Arm interaction was not observed.
Movement time
In Fig. 6B, the mean MTs are shown. The mean MT was higher for the spastic 
hemiparetic subjects (349 ms) than for the control subjects (262 ms; F 1,22 =26.17, 
P<0.05). No significant variations as a function of Arm and Target were found, and there 
was no significant interaction of Group Arm.
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Maximum velocity
For the Vmax of the hand in the direction toward the screen, both Group and Arm 
caused significant variations (Fig. 6C). Mean V max was lower (2.70 m/s) for the 
hemiparetic subjects than for the control subjects (3.20 m/s; F 1,22 =7.72, P<0.05). For the 
nonpreferred arm, a mean Vmax of 2.80 m/s was observed, whereas a higher mean Vmax 
of 3.10 m/s was observed for the preferred arm (F 1,22 =6.00, P<0.05). There were no 
significant variations as a function of Target and no significant interactions of Group Arm.
Fig. 6A-D. The m ean reaction time (RT), movement time (MT), maximum velocity 
(Vmax), and path variability (Pvar) for the movements toward stationary targets; error 
bars represent standard deviations. Since no significant effects were observed as a 
function o f Target position, the results are pooled over Target position
Path variability
As mentioned in the Materials and methods section, we removed the subject-dependent 
mean spatial effect from the trajectories to calculate the path variability. To this end, we 
subtracted the mean trajectory per arm from the individual trajectories per arm before we
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calculated the mean trajectories per condition. We verified whether this procedure was 
valid by checking that the control condition (0 cm lateral to the tip of the rod) resembled a 
straight line. As a rule, this was the case (see Fig. 5). Figure 6D shows the observed mean 
Pvar.
The Pvar varied significantly as a function of Group and Arm. Mean Pvar of the spastic 
hemiparetic subjects was larger than the mean Pvar of the control subjects; mean Pvar 
were 1.14 cm and 0.69 cm, respectively (F 1,22 =24.83, P<0.05). The nonpreferred arm 
displayed more Pvar (1.08 cm) than the preferred arm (0.75 cm; F 1,22 =12.58, P<0.05). 
No effects as a function of Target were observed. A significant interaction between Group 
and Arm revealed that the difference in Pvar between the arms was mainly caused by the 
between-arm difference in the hemiparetic group (F 1,22 =7.39, P<0.05).
Hitting moving targets
In contrast to movements toward stationary targets, we excluded the factor Target 
position from our analyses and included the factor Target velocity. As a rule, the results 
for the moving targets were similar to the results for the stationary targets. We first give 
the general performance, followed by an analysis of the relevant kinematic variables. The 
mean kinematic values are shown in Fig. 7.
Performance
The performance in terms of percentages of valid trials, hits, and the values of the 
absolute errors were comparable with the performance of movements made toward the 
stationary targets. For movements made toward moving targets, as many as 92% of the 
trials with the preferred arm of hemiparetic subjects were valid. For the nonpreferred arm 
of hemiparetic subjects, 82% of the trials were valid. For the control subjects, these data 
were 99% and 96%, respectively.
Of the valid trials made with the nonpreferred arm of the hemiparetic subjects, 46% 
were hits. For their preferred arm, this was 73%. For the control subjects, these 
percentages were 74% and 85%.
As was the case for movements toward stationary targets, half the trials with the 
nonpreferred arm of the hemiparetic group were misses. Nonetheless, the mean end-point 
accuracy was high. Mean absolute error in these movements was 1.69 cm, with a standard 
deviation of 1.22 cm. The mean absolute errors for the preferred arm in the hemiparetic 
group and both the nonpreferred and preferred arm in the control group were comparable. 
Mean absolute errors were 1.03 cm, 1.01 cm, and 0.81 cm, respectively (standard 
deviations: 0.63 cm, 0.5 cm, and 0.45 cm).
Reaction time
The mean RT of the control subjects was smaller than that of the hemiparetic subjects 
(see Fig. 7A). The control subjects required a RT of 280 ms and the hemiparetic subjects, 
380 ms (F 1,22 =29.39, P<0.05). RTs for the nonpreferred arms were prolonged compared
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with those of the preferred arms (mean RTs were 350 ms and 310 ms, respectively; F 1,22 
=9.30, P<0.05). RTs did not differ significantly as an effect of Target velocity, and the 
expected significant interaction of Group Arm was not observed.
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Fig. 7A-D. The mean RT, MT, Vmax, and IE for the movements toward the moving 
targets; error bars represent standard deviations. HNP: hem iparetic nonpreferred; HP: 
hem iparetic preferred; CNP: control nonpreferred; C P: control preferred
Movement time
The mean values of MT for each Arm of each Group per Target velocity are shown in 
Fig. 7B. Hemiparetic subjects moved slower than control subjects (358 ms and 270 ms, 
respectively; F 1,22 =22.17, P<0.05), and movements made with the nonpreferred hand 
required more time than movements made with the preferred hand (326 ms and 301 ms, 
respectively; F 1,22 =4.42, P<0.05). Movement time varied significantly as a function of 
Target velocity. Faster targets evoked faster movements (F 2,44 =14.60, P<0.05). The
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observed mean MTs were 320, 313, and 308 ms, respectively, for the target velocities of 6 
cm/s, 9 cm/s and 12 cm/s. A significant interaction between Target velocity and Group 
showed that the effect of Target velocity was more pronounced in the hemiparetic group. 
Mean MTs for the hemiparetic subjects were 367 ms, 358 ms, and 349 ms in contrast to 
274 ms, 269 ms, and 267 ms for the control subjects.
Maximum velocity
Group, Arm, and Target velocity all caused significant main effects on Vmax (Fig. 7C). 
The Vmax was higher for the control group than for the hemiparetic group (3.18 m/s and 
2.71 m/s; F 1,22 =6.93, P<0.05), and it was higher in the preferred arm than in the 
nonpreferred arm (3.12 m/s and 2.77 m/s; F 1,22 =11.12, P<0.05). Vmax increased as a 
function of Target velocity; mean maximum velocities were 2.90 m/s, 2.94 m/s, and 2.99 
m/s for the target velocities of 6 cm/s, 9 cm/s, and 12 cm/s, respectively (F 2,44 =4.07, 
P<0.05). No significant interactions were observed.
Initial estimate
On 4 occasions out of 48, calculations for the relationship between the actual target 
position and the position to which the hand started to move could not reliably be 
determined; these occasions were excluded from the analysis. Subjects started to aim 
toward a position in front of the actual target position, i.e., the values of the IEs were 
larger than zero.
The mean IE (see Fig. 7D) of the hemiparetic group was larger than that of the control 
group. Means were, respectively, 4.00 cm and 3.15 cm (F 1,21 =9.22, P<0.05). The mean 
of the IE of the nonpreferred arm was significantly larger than the mean IE of the 
preferred arm (F 1,19 =9.11, P<0.05). Means were, respectively, 3.98 cm and 3.10 cm. 
The mean IEs varied significantly as a function of Target velocity (F 2,42 =31.17, 
P<0.05), with means of 2.60 cm, 3.54 cm and 4.59 cm, respectively. The expected 
significant interaction of Group Arm was not observed.
Stationary vs. moving targets
Moving targets evoked faster responses F 1,22 =7.24, P<0.05. Mean RT for the moving 
targets was 348 ms and 358 ms for the stationary targets. The mean MT for movements 
made toward moving targets was shorter (336 ms) than the mean MT for movements 
toward stationary targets (346 ms), F 1,22 =16.10, P<0.05. No significant difference 
between the mean values of Vmax for the stationary and moving targets was observed. 
There were no significant interactions.
Discussion
In this study we investigated how hemiparetic subjects perform unimanual aiming 
movements toward stationary and moving targets. Our first prediction was that the 
kinematic characteristics typical of hemiparetic reaching and grasping movements would
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be more pronounced in the present task involving hitting movements, because fast 
movements are commonly associated with increased levels of spasticity. The results show 
that in hemiparetic subjects movements with the nonpreferred arm were indeed prolonged 
and had lowered peak velocities when compared with movements made with the 
nonpreferred arm made by healthy control subjects. This slowing down may have been 
caused by several factors. First, because of general muscle weakness and increased levels 
of cocontraction, the amount of force required for a fast movement may simply have been 
absent. A second reason for the increase in MT may be that fast movements were avoided 
because these induce spasms. A third reason may be that, despite the fact that participants 
were allowed to self-pace the experiment, problems with grip or fatigue may have caused 
slower movements. The pattern of results as regards movement variability and movement 
errors suggests that the first two factors just mentioned are most likely to have been the 
actual causes.
An informative and surprising result with respect to MT is that, whereas the movements 
by the hemiparetic arm were prolonged as compared to those of the nonpreferred arm of 
the healthy control subjects, they were not prolonged as compared to movements of the 
preferred arm of the hemiparetic subjects. Most studies on hemiparetic grasping and 
reaching movements report pronounced movement-time differences between the arms of 
hemiparetic subjects (Levin, 1996; Steenbergen et al., 1996, 1998; Trombley, 1992). The 
absence of this movement-time difference in the present experiment again may have been 
caused by several factors. First, the result may be explained by the fact that the between- 
arm movement-time difference in reaching and grasping seems to be primarily caused by 
distal control problems (Steenbergen et al., 1998). In fast hitting movements, these distal 
control problems are absent. Second, since in hitting movements a deceleration phase is 
absent, subjects do not need to slow down actively. Consequently, the present results 
suggest that the usually observed, large between-arm MT difference in hemiparetic 
subjects may, for a large part, be localized in the deceleration phase of movement, 
probably due to problems with bringing the effector system in a balanced way to a 
standstill at the end of a movement (Levin & Dimov, 1997).
In the case of moving targets, it was found that for both subject groups movements with 
the nonpreferred arm took longer. Again the MT increase for the hemiparetic subjects was 
much smaller than would have been expected on the basis of previous studies on 
hemiparetic reaching and grasping movements. Therefore, our expectation that the typical 
kinematic characteristics of hemiparetic movements would be more pronounced in fast 
aiming as compared to reaching and grasping movements was not confirmed as far as the 
between-arm difference in MT is concerned.
From an analysis of key symptoms of spastic hemiparetic movements in terms of the 
lambda model by Feldman and Levin (1995), we derived our second main prediction 
stated in the Introduction, which concerned increased levels of movement variability due
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to a loss of stability of movement. This prediction was confirmed. With respect to end­
point accuracy, it is clear that there were generally more and larger errors for the 
hemiparetic arm than for the nonimpaired arm. This points to diminished control over the 
hemiparetic arm. Furthermore, the predicted increased movement variability was most 
apparent in the path variability of the lateral displacements. This measure of spatial 
variability discriminated most strongly between the arms of the hemiparetic subjects. 
Certainly path variability was a better discriminator between impaired and unimpaired arm 
movements for the present task than the generally used MT. Surprisingly, additional 
inspection of the path-variability results per subject revealed that spatial variability 
remained more or less constant during the movement, i.e., it did not converge to end-point 
errors that were smaller than the path variability. The latter would have been expected on 
the basis of the results of earlier kinematic analyses of hitting movements (Bootsma and 
van Wieringen, 1990). What may have caused the increased spatial variability in the 
hitting movements of hemiparetic subjects?
Our reasoning is that increases in movement variability reflect a loss of stability of 
movement. We argued that stability of movement is achieved by setting appropriate levels 
of cocontraction (Bullock & Grossberg, 1991; Feldman & Levin, 1995). In hemiparesis 
mechanisms such as an inadequate recruitment of agonist motor neurons (Tang & Rymer, 
1981), abnormal reciprocal inhibition between agonist-antagonist muscles (Hammond et 
al., 1988), and increased or decreased levels of cocontraction (Levin, 1996; Levin & 
Dimov, 1997; Knutsson & Martensson, 1980; Shumway-Cook & Woollacott, 1995) may, 
either in isolation or in combination, disrupt functionally required levels of cocontraction. 
If one or more of these mechanisms are indeed affected in hemiparesis, then time- 
dependent control over appropriate stiffness levels is hampered and motion stability is 
diminished. Consequently, models of motor control, in which cocontraction is given an 
important role as a means to control movement stability, provide a suitable explanation of 
the observed increases in movement variability.
With respect to the reduced movement stability in hemiparesis, we may note that the 
presently observed increased movement variability may, in our view, also directly reflect 
the loss of dexterity that seems to preoccupy hemiparetic subjects. Whereas most research 
on spasticity has focused on performance outcome scores such as MT to assess spasticity, 
patients themselves often report a loss of strength and reduced dexterity as typical 
symptoms of their disorder (cf. Carr et al., 1995). Our findings suggest that incorporating 
analyses of movement variability in clinical assessments of hemiparesis is 
recommendable, since path variability may be a good clinical index of the severity of the 
impairment. At least for movements made toward stationary targets, path variability 
proved to be a better index than MT.
The second major question of our study concerned whether hemiparetic subjects are 
capable of adapting their motor performance in a flexible manner, i.e., on a trial-to-trial
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basis, when they were asked to hit targets that moved at different velocities. We expected 
that, due to the disorder and the task requirements, hemiparetic subjects were likely to 
utilize a strategy in which they would keep the estimated interception location constant. 
However, in the present experiment, the initial estimate changed significantly as a function 
of target velocity, implying that the interception location was not being kept constant. We 
also expected that hemiparetic subjects would utilize the strategy of varying RT rather 
than varying other variables such as MT and movement path. This prediction was not 
confirmed. Reaction time did not vary as a function of target velocity, and both MTs and 
movement paths varied as a function of target velocity. This result was found for both the 
hemiparetic and the control subjects and for both the preferred and nonpreferred arms. 
These findings indicate that hemiparetic subjects show "normal" behavior in terms of 
successfully incorporating visually perceived information about target velocity into their 
motor performance, both in terms of prospective control and in terms of adjustment of 
movement speed to target velocity.
In this respect, a few remarks are in order about the instructions and feedback used in 
the present experiment. When subjects try to minimize both RT and MT, it may well be 
that they start moving before having completed processing target-velocity information. In 
this case, movements may be started in a default direction (van Donkelaar et al., 1992). In 
the present experiment, no feedback was provided on RT. Even though subjects were 
instructed to react as soon as the target appeared, they probably minimized MT only. 
Therefore, hand movements probably started after target velocity processing was 
completed, allowing a full incorporation of target-velocity information in the preparation 
of the hitting movement during the latency phase. This reasoning is supported by the 
absence of significant variations in RT as a function of target velocity, a finding which is 
in contrast to studies that emphasize the minimization of RT in their instruction. A study 
in which hemiparetic subjects perform a RT task, e.g., press a key as soon as the target 
appears, might well show that hemiparetic subjects also react faster as a function of target 
velocity.
In any case, the present finding that hemiparetic subjects responded flexibly and 
correctly to the instantaneous temporal and spatial task demands is a key finding. It 
contradicts our initial hypothesis that hemiparetic subjects would utilize the strategy of 
modulating latency in response to the speed of a moving target. The results prove that 
prospective control is unaffected in hemiplegia, despite the fact that this type of control is 
known to develop poorly in children with cerebral palsy (Van der Weel, 1996).
In addition to the three major findings of the present experiment, i.e., the minor 
between-arm MT difference in hitting, increased movement variability, and the capability 
of hemiparetic subjects to adapt their hitting movements to the position and velocity of 
moving targets, a surprising result, which demonstrates the motor control capabilities of 
hemiparetic subjects, concerns the frequency and size of movement errors. There were
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only slightly more misses for movements made toward moving targets as compared to 
movements made toward stationary targets. We did not hypothesize beforehand on 
possible differences in the number of misses between movements to stationary or moving 
targets. It might be argued that, due to a strong coupling between action and perception in 
aiming at moving targets, fewer misses should have occurred than in aiming at stationary 
targets. Strong couplings between action and perception are obviously present in human 
motor behavior (Lee, 1976); but it might also be argued that, in spite of beneficial effects 
caused by action-perception couplings, impaired motor control processes in hemiparesis 
are the main determinants of their performance characteristics. The latter reasoning 
implies that no more or less misses should have occurred in movements made toward 
moving targets. The finding that there was indeed almost an equal number of misses 
toward moving and stationary targets supports this argument. Furthermore, even though 
the between-arm differences were more pronounced when subjects hit moving targets, 
these targets happened to elicit slightly shorter response latencies, indicating that moving 
targets are perhaps more easily detected. Moving targets also elicited faster movements, so 
clearly we observed some beneficial effects of moving targets on motor behavior.
Although the presently investigated task was generally executed correctly, there 
remained a small proportion of trials in which subjects did not or could not perform the 
task as instructed, i.e., by performing a single movement having a unimodal velocity 
profile. Interestingly, this can be explained in terms of the impairment but also in terms of 
an active strategy to cope with the impairment. First, Levin (1996) reported a disturbance 
of between-joint coordination as reflected by a temporal dissociation of the angular 
excursions of the elbow and shoulder joints during reaching. This selective and sequential 
involvement of individual joints, when extrapolated to the displacement of the hand, can 
account for the segmentation of the velocity profile. A second reasoning could be that a 
spasm causes the hand to start moving in the wrong direction. The subject compensates for 
this initial error by slowing down and redirecting the hand toward the correct goal 
position, again causing multiple peaks in the velocity profile in the direction of the screen. 
Finally, invalid trials can also be explained by the finding that hemiparetic subjects 
reduced the required movement amplitudes of the arm actively by increasing the 
contribution of the trunk (Roby-Brami et al., 1997; Steenbergen et al., 2000; Van Thiel et 
al., 1997). This strategy is useful when a subject tries to achieve the task goal while trying 
to avoid extreme joint angles, since these induce stretch in tendons, resulting in 
hyperreflexia. Which of the abovementioned explanations are valid could not be 
determined on the basis of the present analyses. In order to be conclusive about the 
underlying causes of the invalid trials, further experimentation is needed in which both the 
trunk displacement and muscle activation are measured.
Two final aspects that deserve discussing here concern features of the experimental 
design presently applied. Although the unilateral nature of hemiparesis provides the
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advantage of between-arm comparisons within subjects, it is important to emphasize that 
the healthy side does show motor disturbances (Baldiserra et al., 1994). For example, 
alternations of ballistic and tracking movements as well as prolonged RTs have been 
reported (Jones et al., 1989). Other neuromotor deficits include changes in the biceps and 
triceps stretch reflexes (Thilmann et al., 1990) and muscle weakness (Colebatch & 
Gandevia, 1989). Furthermore, although Levin (1996) primarily compared the impaired 
arm with the nonimpaired arm, she noted that peak velocity was lowered and mean MT 
was increased in the nonaffected arm of hemiparetic subjects as compared to healthy 
control subjects. These results show that between-arm comparisons in hemiparesis are not 
equivalent to comparisons with arm movements by healthy control subjects. Our results 
strongly support this conclusion. On all the kinematic measures, the nonimpaired arm of 
the hemiparetic subjects performed worse than both the arms of the healthy control 
subject. In this respect, a second aspect that must be stressed is that cerebral palsy is not a 
homogeneous condition (Brown et al., 1991) and group analyses must therefore be 
addressed carefully (Van der Weel, 1996). In the present study, we took care in selecting 
the hemiparetic subjects to ensure that the experimental group was quite homogeneous. 
The subjects in our experiment were all hemiparetic caused by cerebral palsy (except one). 
Furthermore, they were selected on the basis of the criterion of being capable of 
performing the experimental task. It might be argued that because of this selection we 
"threw away the baby with the bath water". This was, fortunately, not the case, since all 
hemiparetic subjects performed worse (even with their preferred arm) than the 
(nonpreferred arm of) control subjects on all kinematic measures taken.
In sum, the kinematic characteristics usually observed in hemiparetic reaching and 
grasping movements were also observed in the fast aiming movements of the present 
experiment. These included increased MTs, decreased peak velocities, and a prolonged 
RT, especially in the impaired arm. However, for movements made toward stationary 
targets, there was no significant difference in MTs between the arms of the hemiparetic 
subjects, suggesting that distal control problems are the primary cause for increases in 
manual asymmetry. For the same reason, the prediction that characteristics of hemiparetic 
arm movements would be more pronounced in fast aiming movements was not confirmed. 
Moreover, the finding that hemiparetic subjects are quite capable of performing fast 
aiming movements with acceptable accuracy contradicts the supposed relationship 
between movement velocity and increased levels of spasticity. In contrast to the generally 
used MT, in the present task a measure of spatial variability was shown to be a good 
discriminator between the impaired and nonimpaired arm of the hemiparetic subjects. 
Besides hypertonicity, problems with the regulation of cocontraction can explain the 
observed differences between the movements of hemiparetic subjects and those of the 
healthy control subjects. For moving targets, the finding that hemiparetic subjects 
correctly responded to the instantaneous spatial and temporal task demands is a key
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finding which suggests that both in terms of prospective control, i.e., a velocity-dependent 
initial estimate of where a moving target will be hit, and with respect to the strategy to 
move faster to faster moving targets, mild to moderate hemiparetic subjects showed a 
surprising high level of efficiency in movement control.
References
Bairstow, P.J. (1987). Analysis of hand movement to moving targets. Human Movement Science, 6, 205­
231.
Baldissera, F., Cavallari, P., & Tesio, L. (1994). Coordination of cyclic coupled movements of hand and foot 
in normal subjects and on the healthy side of hemiparetic patients. In: S. Swinnen H. Heuer J. 
Massion & J. Casaer (eds), Inter-limb coordination: neural, dynamical and cognitive constraints 
(pp 229-242). Academic: San Diego.
Barnes, M., McLellan, L., & Sutton, R. (1994). Spasticity. In: R.J. Greenwood M.P. Barnes T.M. McMillan 
& C.D. Ward (eds), Neurological rehabilitation (pp 161-172). Churchill Livingstone: Edinburgh. 
Bobath, B. (1978). Adult hemiplegia evaluation and treatment. Butterworth Heinemann: London.
Bootsma, R.J., & Wieringen, P.C. van (1990). Timing an attacking forehand drive in table tennis. Journal o f  
Experimental Psychology: Human Perception and Performance, 16, 21-29.
Brenner, E., & Smeets, J.B.J. (1996). Hitting moving targets: co-operative control of "when" and "where".
Human Movement Science, 15, 39-53.
Brown, J.K., Rodda, J., Walsh, M., & Wright, G.W. (1991). Neurophysiology of lower-limb function in 
hemiplegic children. Developmental Medicine and Child Neurology, 33, 1037-1047.
Brunnstrom, S. (1970). Movement therapy in hemiplegia. Harper and Row: New York.
Bullock, D., & Grossberg, S. (1991). Adaptive neural networks for control of movement trajectories 
invariant under speed and force rescaling. Human Movement Science, 10, 3-53.
Carr, J.H., Shepherd, R.B., & Ada, L. (1995). Spasticity: research findings and implications for intervention.
Physiotherapy, 81, 421-429.
Colebatch, J.G., & Gandevia, S.C. (1989). The distribution of muscular weakness in upper motor neuron 
lesions affecting the arm. Brain, 112, 749-763.
Donkelaar, P. van, Lee, R.G., & Gellman, R.S. (1992). Control strategies in directing the hand to moving 
targets. Experimental Brain Research, 91, 151-161.
Feldman, A.G., & Levin, M.F. (1995). The origin and use of positional frames of reference in motor control.
Behavioral Brain Science, 18, 723-806.
Hammond, M.C., Fitts, S.S., Kraft, G.H., Nutter, P.B., Trotter, M.J., & Robinson, L.M. (1988). Co­
contraction in the hemiparetic forearm: quantitative EMG evaluation. Archives o f Physical 
Medicine and Rehabilitation, 69, 348-351.
Jones, R.D., Donaldson, I.M., & Parkin, P.J. (1989). Impairment and recovery of ipsilateral sensory-motor 
function following unilateral cerebral infarction. Brain, 112, 113-132.
Katz, R.T., & Rymer, W.Z. (1989). Spastic hypertonia: mechanisms and measurement. Archives o f Physical 
Medicine and Rehabilitation, 70, 144-155.
Knutsson, E., & Martensson, A. (1980). Dynamic motor capacity in spastic paresis and its relation to prime 
mover dysfunction, spastic reflexes and antagonist co-activation. Scandinavian Journal o f  
Rehabilitation Medicine, 12, 93-106.
Lee, D.N. (1976). A theory of visual control of braking based on information on time-to-collision. 
Perception, 5, 437-459.
Levin, M.F. (1996). Interjoint coordination during pointing movements is disrupted in spastic hemiparesis. 
Brain, 119, 281-293.
Levin, M.F., & Dimov, M. (1997). Spatial zones for muscle coactivation and the control of postural stability.
Brain Research, 757, 43-59.
Mon-Williams, M., Tresilian, J.R., & Wann, J.P. (1999). Perceiving limb position in normal and abnormal 
control: an equilibrium point perspective. Human Movement Science, 18, 397-419.
Roby-Brami, A., Fuchs, S., Mokhtari, M., & Bussel, B. (1997). Reaching and grasping strategies in 
hemiparetic patients. Motor Control, 1, 72-91.
82
Kinematics o f fast hemiparetic aiming movements toward stationary and moving targets
Shumway-Cook, A., & Woollacott, M. (1995). Motor control: theory and practical applications. Williams 
and Wilkins: Baltimore.
Smeets, J.B.J., & Brenner, E. (1995). Perception and action are based on the same visual information: 
distinction between position and velocity. Journal o f Experimental Psychology: Human Perception 
and Performance, 27, 77-88.
Steenbergen, B., Hulstijn, W., Vries, A. de, & Berger, M. (1996). Bimanual movement coordination in 
spastic hemiparesis. Experimental Brain Research, 110, 91-98.
Steenbergen, B., Hulstijn, W., Lemmens, I.H.L., & Meulenbroek, R.G.J. (1998). The timing of prehensile 
movements in subjects with cerebral palsy. Developmental Medicine and Child Neurology, 40, 108­
114.
Steenbergen, B., Van Thiel, E., Hulstijn, W., & Meulenbroek, R.G.J. (2000). The coordination of reaching 
and grasping in spastic hemiparesis is characterized by segmentation. Human Movement Science, 
19, 75-105.
Stein, R.B. (1995). Presynaptic inhibition in humans. Progress in Neurobiology, 47, 533-544.
Tang, A., & Rymer, W.Z. (1981). Abnormal force-EMG relations in paretic limbs of hemiparetic human 
subjects. Journal o f Neurology, Neurosurgery and Psychiatry, 44, 690-698.
Thiel, E. van, Steenbergen, B., Meulenbroek, R.G.J., & Hulstijn, W. (1997). Arm trajectory formation in 
spastic hemiparesis: a pilot study on shoulder displacement and end-effector paths. In: A.M. Colla 
F. Masulli P.G. Morasso (eds), Proceedings o f the 8th Biennial Conference o f the International 
Graphonomics Society (pp 47-48). vol 8 IGS: Nijmegen.
Thilmann, A.F., Fellows, S.J., & Garms, E. (1990). Pathological stretch reflexes on the "good" side of 
hemiparetic patients. Journal o f Neurology, Neurosurgery and Psychiatry, 53, 208-14.
Trombly, C.A. (1992). Deficits of reaching in subjects with left hemiparesis: a pilot study. American Journal 
o f Occupational Therapy, 46, 887-897.
Van der Weel, R., Lee, D.N., & Van der Meer, A.L.H. (1996). Measuring dysfunction of basic movement 
control in cerebral palsy. Human Movement Science, 15, 253-283.
83

5Fast adjustments of ongoing movements 
in hemiparetic cerebral palsy
Edwin Van Thiel, Ruud G.J. Meulenbroek, Jeroen B.J. Smeets and Wouter Hulstijn
Abstract
The present study focuses on the ability of participants with spastic hemiparesis caused 
by cerebral palsy to adjust an ongoing movement. Typical symptoms associated with the 
disorder would lead one to expect that people with spastic hemiparesis would be unable to 
adjust their movements quickly and proportionally to a sudden change in the environment 
with their spastic arm. The results of the present experiment, however, prove otherwise. 
Eight hemiparetic adolescents with cerebral palsy and eight healthy control participants 
were asked to quickly hit a target projected onto a fronto-parallel screen. The target either 
remained stationary or started to move immediately after hand movement onset. 
Participants needed to adapt the ongoing movement to hit moving targets. The task was 
performed with the spastic and non-spastic arm by the hemiparetic participants and with 
the dominant arm by the healthy participants. Kinematic analyses showed that although 
the spastic arm of the hemiparetic participants displayed a significant increase in spatial 
variability which led to more errors, they were capable of successfully adapting their 
movement in a qualitative manner. The latency of the response to the change in target 
position was longer for the hemiparetic participants compared to the healthy control 
participants, but only 25 ms. Surprisingly, no between-arm latency difference was found 
in the hemiparetic participants. Given the commonly observed movement deficits of the 
spastic arm, these results show that participants with spastic hemiparesis displayed a 
remarkable ability in adjusting movements quickly.
Key words: Spasticity - Hemiparesis - Fast Aiming - Kinematics
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Introduction
Spastic paralysis can be described as a severe motor disturbance following lesions to the 
brain. Several posture- and movement-related symptoms characterize the disorder among 
which a velocity dependent increase in stretch reflex responses with exaggerated tendon 
jerks is the most prominent feature (Lance, 1980). This hyperexcitability of the stretch 
reflex, which also leads to an increase in muscle tone (Katz & Rymer, 1989), has been 
attributed to deficits in several neural mechanisms of which some will be discussed below. 
The increase in muscle tone has also been attributed to lasting physiological changes in 
muscle tissue (for reviews see Colebatch & Gandevia, 1989; Katz & Rymer, 1989). 
Obviously, these changes in the motor system have serious consequences for the control 
of arm movements. Kinematic characteristics generally observed included prolonged 
reaction times, prolonged movement times, lowered peak velocities, dysfluency and 
increased spatial errors (misses in reaching) both in adult onset hemiparesis (Levin, 1996; 
Roby-Brami et al., 1997; Trombly, 1992) and in hemiparesis caused by cerebral palsy 
(Steenbergen et al., 1998; Steenbergen et al., 2000; Van Thiel et al., 2000).
In spasticity a disturbed modulation of motor neuron pool activity is thought to result in 
increased excitability of the motor neurons. Various evidence suggests that a loss of 
control over presynaptic inhibition of the motor neuron pools gives rise to the observed 
symptoms in spasticity (Stein, 1995). This feature is not only present in adult onset 
hemiparesis but also in hemiparetic cerebral palsy (Filloux, 1996). The increases in motor 
neuron excitability not only give rise to increases in stretch reflexes in response to passive 
movements but may also disrupt the execution of active movements. The stretch reflex 
mechanism is considered to be senso-motoric in nature and thus plays an essential role in 
controlling movements (Feldman & Levin, 1996). Such an intimate relationship between 
proprioception and efferent control may well be a useful theoretical framework to describe 
spastic paresis as a motor disorder (cf. Mon Williams, 1999).
Given these findings it is clear that something goes wrong during movement execution 
and therefore the need to study movement execution in hemiparesis, has become 
increasingly apparent. However, the effects of manipulations during movements to gain 
additional insight into how people with hemiparesis adjust ongoing movements have never 
been studied before. In our view this type of manipulation may particularly shed more 
light on the specific movement capabilities and loss of movement control in spastic 
hemiparesis.
Before specifying our expectations on the (dis)ability of hemiparetic participants to 
adjust an ongoing movement with their spastic arm, we first turn to experiments in which 
healthy participants performed such tasks. Healthy participants are very well capable of 
adjusting an ongoing movement appropriately to sudden changes in the environment. 
Studies have shown that humans can respond to changes in target position without being
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able to see their hand and that responses of the hand to changes in the target position may 
even remain unnoticed to the participants (Bridgeman et al., 1979; Goodale et al., 1986; 
Pelisson et al., 1986; Prablanc & Martin, 1992). Furthermore, adjustments of arm 
movements also occur very quickly. Brenner and Smeets (1997) showed that in a task in 
which participants had to hit targets that suddenly jumped to a different position or started 
to move, it took approximately 110 ms before a reaction became apparent in the hand 
movement. Many other studies have been conducted to determine the time it takes to 
respond to changes in target position, all of them with comparable results (Prablanc & 
Martin, 1992; Soechting & Lacquaniti, 1983). These results show that healthy arm 
movements can be adjusted adequately to changes in the environment, even during hitting 
movements which generally are performed within 300 ms. In the present experiment we 
wanted to answer the question whether spastic arm movements can also be adjusted (1) 
appropriately to changes in the environment during the movement and (2) whether this 
can be done as fast as healthy arm movements.
To answer these questions we used a simplified version of the experimental setup 
employed in the study of Brenner and Smeets (1997). We asked hemiparetic and healthy 
control participants to perform hitting movements toward circular targets that were 
projected onto a large projection screen (1 by 1 m). Targets always appeared stationary but 
in 80 percent of the trials they would start to move on hand movement onset. In these 
cases participants needed to adjust their ongoing movement in order to hit the target. 
When targets started to move they did so either to the left or to the right at one of two 
possible velocities. Although changes are not the exception in this design, there was 
maximum uncertainty about which of the conditions was going to be presented because 
the conditions were presented at random and each condition appeared an equal number of 
times. Moreover, we used perturbations in opposite directions, so that the average position 
of the perturbed targets was exactly at the position of the unperturbed target. So the best 
anticipation to a perturbation was to move to the unperturbed target.
Our first question is concerned with the efficiency of hemiparetic participants in 
adjusting an ongoing movement of their spastic arm. Given the above-mentioned finding 
that participants with hemiparesis primarily show difficulties with movement execution, 
perturbations during movements might be particularly difficult for them to respond to. 
They might even be incapable of making a spatially appropriate response to a sudden 
change in target position. This is indeed plausible when we bear in mind the stereotypical 
synergies generally associated with spastic hemiparesis (Bobath, 1978; Brunnstrom, 
1970). Due to these stereotypical synergies they could be expected to make a standard 
directional response. We therefore also varied the velocity of the target across trials to 
determine whether hemiparetic participants would be capable of making a spatially more 
appropriate response rather than just a standard directional response. Namely, the amount 
of directional change of their movement needs to be proportional to the target velocity in
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order to hit the target accurately. We did not expect hemiparetic participants to be capable 
of making such an efficient and appropriate change of their ongoing (spastic) movements. 
We rather expected them to use a stereotypical directional response that would ‘get the job 
done’ on most occasions. Additionally, we expected several generally observed kinematic 
characteristics of spastic arm movements to be present in the current experiment. These 
included, besides prolonged reaction times to the initial target appearance and prolonged 
movement times, increased movement variability and an increased number of misses.
Our second question concerns the time it takes for visually specified information on 
changes in target behavior to become apparent in the hand displacement, irrespective of 
whether this reaction is efficient or not. The results of several studies have shown that 
response latencies are generally prolonged in spastic hemiparesis both in adult onset 
hemiparesis and in hemiparetic cerebral palsy [Levin, 1996; Steenbergen et al., 2000; 
Trombly, 1992; Van Thiel et al., 2000). Consequently, not only will the response latency 
to the initial appearance of the target most probably be prolonged, but the subsequent 
response to changes in the target position might also be prolonged.
Method
Participants
Eight hemiparetic adolescents with cerebral palsy and eight healthy control participants 
took part in the experiment. At the time of the study, the hemiparetic participants were 
students from the Werkenrode Institute (Groesbeek, The Netherlands) where they 
followed an adapted educational program. The control participants were psychology 
students at the University of Nijmegen. All participants gave signed consent and were paid 
ten guilders for their participation. Additional participant information is given in Table 1. 
The hemiparetic participants were pre-selected on the basis of (1) having been diagnosed 
as having stable hemiparesis and (2) the ability to actively stretch their arm far enough to 
perform the experimental task under study. Furthermore, none of the hemiparetic 
participants displayed cognitive dysfunction and the only treatment they received was 
physical therapy to prevent painful and disabling contractures. No clinical or IQ 
measurements were available.
Experimental setup
The participant was seated on a rigid chair positioned approximately 50 cm in front of a 
projection screen (1 by 1 m), which was tilted to 30 degrees with the vertical to facilitate 
the task execution. The participant held a rod in his/her left or right hand and was 
instructed to adopt a comfortable posture. This posture was such that when the participant 
was holding the rod, his or her elbow was flexed and the rod was located at approximately 
the height of the participant’s head in a horizontal position (see Figure 1). The rod was 
made from light wood and was covered with duct tape to realize a comfortable and secure
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grip. The rod was 21 cm long with a diameter of 2.5 cm and attached to its head was the 
pod of a badminton shuttlecock which enabled a firm but safe impact with the screen.
T able  1. Participant information.
Hemiparetic Age (years) Sex Etiology Other
1 16.1 M RH/CP -
2 17.5 M RH/BT a -
3 19.4 M LH/CP -
4 17.7 M RH/CP -
5 20.1 M LH/CP -
6 17.5 M LH/CP Epileptic/scoliosis
7 17.3 M LH/CP M ild scoliosis
8 15.8 M RH/CP Epileptic
17.4 (mean)
Controls 18.8 All Male 5 right handed
3 left handed
RH: right hemiparesis. LH; left hemiparesis. CP: Cerebral Palsy. BT; brain tumor. 
Note. All hem iparetic participants were classified as having m ild to moderate 
spasticity. No clinical or IQ measurements were available. 
a Tumor was removed within the first year after birth.
F ig u re  1. The experimental setup.
A 3D motion-tracking system (Optotrak 3020) was used for recording at a sampling rate 
of 300 Hz the positions of two Infra Red Emitting Diodes (IREDs) attached to the rod. 
The position of the tip of the rod was calculated in real time by linear extrapolation from 
the positions of the two IREDs attached to the rod. The resolution of the device was better 
than 0.1 mm in all three dimensions as calculated from the variability of the distance
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between the two markers over the successive measurements (n=3456) of a previous 
experiment. The recordings of the rod positions were stored on the hard disk of the PC that 
also provided feedback of the rod's position to the experimenter between trials and 
regulated a second PC that guided the presentation of the stimuli. These stimuli were 
projected on the screen by means of a multimedia projector (M3™ MP8030; 60 Hz). Data 
collection and stimuli presentation were synchronized with a near constant delay of 20 ms.
Conditions and procedure
A yellow filled circle was used as a target (diameter 3 cm). The target appeared at the 
perpendicular projection of the tip of the rod on the projection screen. On hand movement 
onset the target could start to move (80% of the trials) with a constant velocity. Hand 
movement onset was defined as the moment at which the hand reached a velocity of 0.1 
m/s. When the target started moving this could be with a velocity of 3 or 15 cm/s to either 
the left or to the right where each condition occurred in 20% of the trials. Therefore, in 
20% of the trials the target remained stationary (velocity of 0 cm/s). These conditional 
values were derived from pilot experiments with hemiparetic participants. The target 
remained visible for the participant until the moment of impact when the moving hand 
occluded it. Each condition was presented 16 times resulting in a total of 80 trials per 
Arm. Conditions were randomized within participants. The hemiparetic participants 
performed the task with both their spastic and non-spastic arm. The control participants 
performed the task with their dominant arm only. The spastic arm and the non-spastic arm 
were tested in separate blocks. The two groups (hemiparetic and healthy) were matched on 
sex and age and for the hemiparetic participants the order of blocks (spastic/non-spastic) 
was counterbalanced. Trials with incomplete data due to invisible IREDs during motion 
were repeated immediately. These occurred seldom, however.
Between trials, real-time feedback of the position of the rod was provided to the 
experimenter for the following purpose. A trial started with the experimenter guiding the 
participant by means of verbal instructions to position his hand that held the rod within a 
predefined starting volume (20 x 10 x 20 cm, X, Y, Z, respectively). These instructions 
were based on the real-time position feedback (approximately 100 Hz) of the rod’s 
location in the workspace. The center of this volume was at a distance of 40 cm from the 
screen. After holding the hand still within the starting volume for a randomly determined 
interval of 0.5, 0.6, 0.7 or 0.8 s, the target was projected on the screen.
The participant was instructed to hit the target quickly with the tip of the rod as soon as 
the target appeared on the screen. At the moment the rod hit the screen the target 
immediately changed color (green when hit; red when missed), and if the hit target was a 
moving target, it also stopped moving. At the position of the impact a yellow crosshair 
was shown to provide the participant with feedback on the place of impact. If the center of 
this crosshair lay outside of the target it was a miss. Furthermore, to give the participants 
additional feedback on their movement, the total movement time in units of 10 ms was
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shown on the screen. Feedback was provided to enable the participants to comply with the 
instruction.
Participants were allowed as many practice trials as they needed to get accustomed to 
the task and to find a comfortable posture that they were asked to maintain during the 
experiment. Also, the practice trials allowed the participant to find a balance between 
moving quickly while not missing the targets. This implied that each participant 
determined a suitable movement time that they used as guideline for their movement 
speed in the subsequent experiment5. The participants could pace the experiment 
themselves simply by pausing between trials prior to moving the hand toward the starting 
volume. On average, practice sessions took 25 to 35 trials (about 15 minutes including 
instructions) for the hemiparetic participants and 20 to 30 trials for the control participants.
Data analysis
We restricted our analyses of the movements to the XY plane since we were interested 
in whether position and velocity information of the targets influenced the lateral hand 
displacement. Only for segmentation purposes the tangential velocity-profile was derived 
from the 3D-displacement data. Reaction Time (RT) was defined as the interval between 
the moment of target presentation and the moment at which the hand started to move, i.e., 
the moment the hand reached a velocity of 0.1 m/s. The end of a movement was defined as 
the moment the tip of the rod hit the screen. Movement Time (MT) was defined as the 
time from hand movement onset to the moment of impact with the screen. Subsequently, 
the displacement data were filtered with a fourth-order Butterworth filter with a zero­
phase lag and an effective cut-off frequency of 25 Hz6. Finally, we determined the time it 
took for the perturbation to start to influence the movement of the hand from the 
acceleration profile of the hand movement in the X-direction. The exact procedure to 
calculate this latency is given in the Results section and is depicted in Figure 7.
Statistical analysis
Our experimental design included the factors Arm (Spastic, Non-spastic and Control) 
and Condition (0 cm/s and 3 and 15 cm/s to the left and right). Thus, two factors are 
nested under Condition. These are Target Velocity (0, 3 and 15 cm/s) and Direction (left 
and right). The dependent variables RT, MT, the mean end-positions of the rod on the 
screen, the percentage of misses, the Constant Error (CE), the Variable Error (VE) and the 
time until visual information became apparent in the hand displacement were evaluated
5 The high occurrence of perturbations causes the participants to develop an anticipatory strategy. This 
however, does not pose any problems for our research questions since the direction and magnitude of the 
response remains unpredictable. Also, the question of how fast participants with hemiparetic cerebral palsy 
can adjust their ongoing movement stays valid under this anticipatory strategy.
6 Filtering was necessary in spite of the high accuracy of the motion tracking device because of the 
amplification of the measurement errors caused by linearly extrapolating from the two markers to calculate 
the positions of the tip of the rod, and the double differentiation to obtain acceleration.
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statistically. The statistical procedures we used included t-tests (for comparisons between 
hemiparetic and control participants), paired t-tests and Repeated Measurement Analyses 
(for within participant comparisons). An alpha level of .05 was used for all statistical tests.
Results
We start by presenting the results on the analysis of the MTs and the percentages of 
misses. Subsequently we give the results on the mean end-positions of the rod on the 
screen and present the results on the CEs and VEs produced by the participants. With 
these analyses we address the ability of hemiparetic participants to respond to the changes 
in target position during an ongoing movement in a spatially appropriate manner. 
Secondly we present the results on the analysis of the RTs to the initial target appearance 
and the time it takes for visual information on target position change to become apparent 
in the hand movement.
Results are reported over all trials, thus including the movements that resulted in misses. 
Only those trials that were clearly executed contrary to the task requirements, i.e., had 
extreme RTs, MTs and those trials with movement direction reversals along the Y-axis 
were excluded from the statistical analysis. Out of the 1920 trials of the experiment 162 
trails (8%) were excluded. Of these 162 trials 109 were trials performed with the Spastic 
Arm, 47 were performed with the Non-Spastic Arm and 6 by the control participants.
Movement time
In the top panel of Figure 2 the mean MTs are depicted as a function of Arm and Target 
Velocity (thus data are pooled over Direction). In this Figure it can be seen that, as 
expected, the Spastic Arm moved significantly slower than the Non-Spastic Arm and the 
Control Arm, F(1,7)=7.56, p<.05; T(1,14)=4.10, p<.05. Furthermore, the Non-Spastic 
Arm was also significantly slower than the Control Arm, T(1,14)=5.00, p<.05.
The MTs did not differ significantly as a function of Direction for both the Spastic Arm 
and the Non-Spastic Arm. In contrast, the Control Arm moved slightly faster to the right 
than to the left. Mean MTs were 311 and 323 ms, respectively, F(1,7)=11.12, p<.05. MT 
did not vary as a function of Target Velocity for any Arm. Test statistics were 
F(2,7)=0.81,p>.05; F(2,7)=2.33, p>.05; F(2,7)=3.131, p>.05, for the Spastic, Non-Spastic 
and Control Arm, respectively.
Misses
The spastic arm of the hemiparetic participants not only moved slower, but also 
produced significantly more misses (Figure 2, middle panel). For the Spastic arm of the 
hemiparetic participants 50% of the trials were misses. For the Non-Spastic hemiparetic 
arm and the Control arm the percentages of misses were 22% and 18%, respectively. The 
statistic for the Spastic vs. Non-Spastic Arm comparison was F(1,7)=13.56, p<.05. For the
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comparisons between the Spastic and Control Arm and Non-Spastic and Control Arm the 
statistics were F(1,7)=15.60, p<.05 and F(1,7)=1.16, p>.05, respectively.
As can be seen in the middle panel of Figure 2 the percentage of misses generally 
increased as a function of Target Velocity for all Arms. Test statistics were, F(2,7)=3.70, 
p>.05; F(2,7)=15.235, p<.05; F(2,7)=19.01, p<.05, for the Spastic, Non-Spastic and 
Control Arm, respectively. Furthermore, this increase in misses is not different across 
Arms since there were no significant interactions as a function of Target Velocity with 
Arm.
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panel) and Variable Error (VE, bottom  panel) per Arm and per Target Velocity. Error 
bars represent standard deviations over participants.
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X (cm)
F ig u re  3. All trajectories o f a hem iparetic participant (participant 3) perform ed with 
his spastic arm. The top panel shows, from the left to the right, the trajectories made 
toward targets moving at 15 cm/s to the left (solid lines), 0 cm/s (dashed lines) and 15 
cm/s to the right (solid lines). The bottom  panel displays the trajectories of 
movements made tow ard targets moving at 3 cm/s to the left (solid lines) and 3 cm/s 
to the right (dashed lines). Note the different scales on the X and Y-axes.
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Although there were no significant differences in the number of misses as a function of 
Direction for the Spastic and the Control Arm, the Non-Spastic Arm produced 
significantly more misses when hitting to the right; 18% vs. 27% misses for movements to 
the left and to the right, respectively, F(1,7)=7.45, p<.05.
Mean end-positions of the rod on the screen
In the panels of Figure 3 all trajectories are shown of the movements of a hemiparetic 
participant who performed the task with his spastic arm. It can be seen that the mean end­
position of the trajectories toward targets moving with 15 cm/s to the left (top panel; solid 
lines) is located to the left of the mean end-position of trajectories toward targets that 
moved at 3 cm/s to the left (bottom panel; solid lines). The reverse is true for trajectories 
toward targets moving at 15 cm/s to the right. The mean end position of these trajectories 
is located to the right of the mean end position of trajectories toward targets that moved at 
3 cm/s to the right and targets that remained stationary.
Actually, there is an order of mean end-positions from the left to the right as a function 
of Condition. This order is present in all Arms of all participants and demonstrates that all 
participants were not only capable of adjusting an ongoing movement in response to a 
change in target position but that they also differentiated between target velocities. This 
finding is illustrated in Figure 4 where it can be seen that lines never cross, reflecting the 
consistent order in the mean end-positions as a function of Condition.
Also, it can be seen that there is a strong left-right symmetry in the position where the 
screen, on average, was hit. Actually, the mean end-positions of the movements did not 
vary significantly as a function of Direction for any Arm, F(1,7)=.01, p>.05 F(1,7)=4.62, 
p>.05; F(1,7)=1.30, p>.05, for the Spastic, Non-Spastic and Control Arm, respectively.
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Spastic Non-Spastic Control
F ig u re  4. M ean end-positions o f the hand (white symbols) per Condition, per Arm, 
and per participant. The black symbols represent the corresponding m ean end- 
positions o f the targets. Squares represent the conditional values o f 15 cm/s, circles 
represent target velocities o f 3 cm/s and diamonds represent the stationary targets. 
The numbers along the bottom  axis represent the spastic participants (1-8) and the 
control participants (9-16). To facilitate comparisons, lines connect symbols 
representing the same condition. Also, the order o f the Spastic Arms as well as the 
order for the Control Arms was determined by the mean end-position o f the 
trajectories toward targets moving at 15 cm/s to the left (from small to large). 
Therefore, the Spastic Arm labeled one had the smallest value for the mean end­
position o f movements made tow ard the target moving at 15 cm/s to the left (negative 
y-axis represents movements to the left). The non-spastic arms have not been sorted 
thereby keeping the correspondence between arms, i.e., the Spastic and Non-Spastic 
Arm, o f the hem iparetic participants.
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Constant error
All participants made a substantial CE (an overshoot) when trying to hit targets moving 
at 3 cm/s. In contrast, movements toward targets moving at 0 and 15 cm/s did not produce 
such a CE. Only those participants that performed the task fastest produced a small 
undershoot when hitting targets moving at 15 cm/s. However, given the size of the target 
(3 cm) relative to the observed CEs, participants still hit the targets successfully. But is 
this behavior in correspondence with our expectations?
We expected that the mean end-positions of the rod on the screen would be proportional 
to the target velocity for the control participants and for the Non-Spastic arm of the 
hemiplegic participants. We did not expect this to be true for the Spastic arm of the 
hemiparetic participants. In Figure 5 the observed mean values per Arm are plotted against 
the Target Velocities. If participants responded proportionally to the target velocities the 
lines should resemble a straight line. This, of course, is only true when participants do not 
vary their MT as a function of Target Velocity as was the case in the present experiment. 
However, the lines resemble an S-shape.
To evaluate the observed mean values against the hypothetical straight line we specified 
the specific statistical contrast corresponding to the factor Condition [-15 -3 0 3 15] and 
evaluated how well the observed means fitted this contrast. If indeed the observed means 
follow an S-shape rather than a linear course then a cubic description actually should fit 
better. We therefore compared a linear and a cubic contrast. For all Arms both contrasts 
provided a good description for the data but the cubic contrast consistently produced 
higher F statistics than the linear contrast. This indicates that indeed the data can be better 
described by an S-shape than a linear trend. Therefore, the CEs observed are pronounced, 
thereby falsifying our expectations on the proportionality of the responses as a function of 
Condition. The test statistics are given in Table 2.
T able  2. Shown are the F statistics and R2 per arm for the linear and cubic contrasts. 
All p values < .05
Linear F(1,7) Cubic F(1,7) R2 (linear) R2 (Cubic)
Spastic 68.17 208.30 0.986 0.993
Non-Spastic 35.87 75.64 0.973 0.987
Control 157.20 188.57 0.994 0.995
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F ig u re  5. The m ean end-positions on the screen (presented per Arm and Condition) 
are not perfectly proportional to the Target Velocity. Symbols are used as in  Figure 4.
Variable error
As a measure of VE we calculated per Participant and per Target Velocity the standard 
deviation of the distance between the final rod- and target position. Mean VEs per Arm 
and Target Velocity are depicted in the bottom panel of Figure 2. The VE for the Spastic 
Arm was significantly larger when compared with the Non-Spastic Arm and the Control 
Arm, F(1,7)=28.40, p<.05 and F(1,14)=18.33, p<.05, respectively. The VE of the Non­
Spastic Arm was not significantly different from the VE of the Control Arm F(1,14)=0.47, 
p>.05. For all Arms the VE increased as a function of Target Velocity but not always 
significantly. This effect was significantly stronger for the Spastic arm when compared to 
the Control Arm. Actually, for the Control Arm this effect just failed to reach significance. 
For the Spastic, Non-Spastic and Control Arm the statistics were F(2,7)=10.24, p<.05; 
F(2,7)=10.20, p<.05; F(2,7)=3.35, p>.05, respectively.
Left Condition (cm/s) Right
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Reaction times
The response of the Spastic Arm to the initial appearance of the target was significantly 
delayed when compared to the Non-Spastic and the Control Arm, F(1,7)=17.73, p<.05; 
T(1,14)=3.51, p<.05, but the Non-Spastic Arm did not react significantly different from 
the Control Arm, T(1,14)=.84, p>.05. Mean RTs for the Spastic, Non-Spastic and Control 
Arm were 426, 338, and 318 ms, respectively (top panel Figure 6).
Time until visual information becomes apparent in the arm displacement
The procedure to calculate the time until visual information became apparent in the arm 
displacement is shown in Figure 7. A mean time of 101 ms for the control participants 
corresponded well with earlier findings (Smeets & Brenner, 1997; 110 ms). The mean 
values were 126 ms for the Spastic and 118 ms for the Non-Spastic Arm. The mean values 
per participant are shown in the bottom panel of Figure 6 grouped by Arm. As expected 
the Spastic and Control Arm differed significantly but this difference was only 25 ms, 
T(1,14)=3.12, p<.05. The Non-Spastic Arm also differed significantly from the Control 
Arm, T(1,14)=2.48, p<.05. Most importantly, however, the Spastic and Non-Spastic Arm 
did not differ significantly from one another F(1,7)=1.25, p>.05.
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F ig u re  7. Stepwise overview o f the analysis applied to calculate the time until visual 
inform ation starts to influence lateral acceleration o f the hand for one participant. 
First, we synchronized all trials with respect to the moment at which the target started 
to move and subsequently took from that moment on the next 100 samples, i.e., 333 
ms, o f each trajectory. If a movement ended earlier, the trajectory was extrapolated 
with its last value to a total duration o f 100 samples. This procedure is depicted in 
Figure 7A. Next, we calculated the mean lateral trajectory per condition; see Figure 
7B. These means may be distorted somewhat by the artificial extrapolation o f 
trajectories with a shorter duration than 333 ms after target m otion onset, but this does 
not affect our calculation. This is so because we expected that it would take about 110 
ms (Brenner & Smeets, 1997) for visual inform ation to become apparent in  the arm 
and movements were never perform ed that fast. From  the resulting mean trajectories 
velocity profiles were calculated w hich are depicted in  Figure 7C. Finally, from the 
velocity profiles for movements tow ard the targets that started moving in  the same 
direction the means were calculated and from these means a m ean acceleration was 
derived. This resulted in the acceleration profiles depicted in Figure 7D. W e took the 
last moment in  time that these profiles crossed before diverging as the moment at 
which visual inform ation became apparent in the lateral displacement (indicated by 
the arrow in Figure 7D). This procedure circum vented artificial effects o f absolute 
and relative thresholds and is possible because o f the left-right symmetry in  the 
conditions.
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Discussion
In the present experiment we examined the ability of participants with spastic 
hemiparesis to respond adaptively to sudden changes in the environment. In view of the 
typical symptoms associated with spastic hemiparesis (Bobath, 1979; Brunnstrom, 1970; 
Carr et al., 1995; Katz & Rymer, 1989) one might expect hemiparetic participants to be 
incapable of responding in a spatially adaptive manner with their spastic arm as compared 
to their non-spastic arm. One might also expect them to be incapable of responding as 
quickly as healthy control participants to a change in target position.
More specifically, the direction and the extent of responses to a change in target 
position were not expected to be functionally tuned to the target position and velocity. The 
results, however, clearly show that all participants, both hemiparetic and control were 
capable of adjusting their movements differentially to the target characteristics. This is 
illustrated by the finding that the mean end-positions of the rod on the screen varied as a 
function of the target velocities, not only for the control group but also for the hemiparetic 
participants performing the task even with their spastic arm.
Strikingly, all participants displayed the same movement strategy with which they 
produced a systematic overshoot when hitting targets moving at 3 cm/s. No such 
overshoot was found when hitting targets moving at 15 cm/s. We expected only 
hemiparetic participants to be incapable of responding proportionally to the various target 
velocities with their spastic arm. This, however, was not the case. All participants 
responded in the same non-proportional manner to the targets moving at 3 cm/s. It appears 
that the participants either anticipated the worst and therefore always initiated a movement 
toward a moving target as if it was moving at 15 cm/s or their initial response was one 
toward a target of average velocity (7.5 cm/s). Although this strategic behavior in itself 
may be an interesting topic of investigation, the finding that hemiparetic participants 
displayed the same behavior compared to healthy control participants is important for the 
present study. This, namely, shows that mild to moderate hemiparetic participants are very 
well capable of adapting their movements in the same qualitative manner as healthy 
control participants even with their spastic arm.
Although spastic movements were well adapted in accordance with changes in target 
position, the movements themselves were performed poorly. First, the spastic arm moved 
significantly slower compared to healthy control participants but nevertheless produced 
much more misses. The non-spastic arm was also slower than the control arm but it did 
not produce more errors. A similar pattern of results is visible in the related measurements 
on the variable error. The variable error was significantly larger in the spastic arm when 
compared to the non-spastic and control arms. Furthermore, an increase in variable error 
as a function of target velocity was observed and this increase was significantly larger for 
the spastic arm. The results suggests that the principle of a speed-accuracy trade-off is in
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effect in the hemiparetic participants, especially in the spastic arm. Participants chose to 
move slower probably to suppress the variability of their movements. This choice may 
very well be an active, i.e., strategic one, since in a previous study (Van Thiel et al., 2000) 
we showed that under the instruction to move as fast as possible no significant differences 
in MT existed between arms of hemiparetic participants, whereas the variability of the 
spastic arm was significantly increased. Likewise, in the current experiment it seems that 
the between arm difference in hemiparetic participants is most clearly observed in our 
measurements of variability. This variability in turn leads to increased levels of task 
failure. Indeed, increased levels of variability are highly characteristic for this disorder 
(Mon Williams, 1999; Van Thiel et al., 2000). Still, the finding that hemiparetic 
participants produced the same qualitative behavior with their spastic arm shows in our 
opinion a striking unexpected adaptiveness of movements in participants with spastic 
hemiparesis.
Our second expectation related to the time until a response becomes apparent in the 
lateral hand acceleration in reaction to the change in target position. Because we found 
longer reaction times for the spastic arm compared to the non-spastic and healthy control 
arms, one could expect the spastic arm to respond later than the other two to changes in 
target position. In fact, our results partly confirm this expectation. The change in the 
lateral hand acceleration of the spastic arms became apparent at a significantly later 
moment in time when compared to the control arms. However, this delay in responding 
was only 25 ms. Moreover, whereas there was a large between arm difference for the 
hemiparetic participants in the reaction times to the initial target appearance, strikingly, 
this between arms difference is absent in the response to the change in the target position.
The delay in the response to the appearance of the target can be interpreted according to 
the speed-accuracy trade-off mentioned above. Responding later offers the hemiparetic 
participants simply more time to prepare the movement accurately with their spastic arm. 
On the other hand, the task prompted the participant to not only to move quickly but also 
to react quickly since the total MT was to be minimized. Therefore, it might well be that 
physiological differences between the spastic and non-spastic arm cause the spastic arm to 
respond slower. Spastic arm movements are characterized by muscular weakness 
(Colebatch & Gandevia, 1989) caused by an inadequate recruitment of motor neurons 
(Tang & Rymer, 1981). Therefore, the difference in responding to the appearance of the 
target might be explained by difficulties with initiating a movement with a spastic arm.
Consequently, when the arm is already moving, initiation problems already have been 
solved and therefore no differences in response times to changes in the target position 
between arms should follow from it. Although this reasoning explains the absence of a 
between arm difference in hemiparetic participants, the fact remains that their responses to 
the change in target position are delayed significantly, albeit only 25 ms. It might be 
argued that this delay is also strategic. We doubt, however, that the fast adjustments in the
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present experiment are under volitional control and therefore susceptible to strategic 
interference. More probable is that initiating a change of movement is also (slightly) 
impaired. The finding that this is the case for both arms then becomes particularly 
interesting. A speculative but tentative explanation may be offered in terms of a 
disturbance of the modulation of presynaptic inhibition (Feldman & Levin, 1995; Stein, 
1995). Perhaps a disturbance of the modulation also implies a delay in modulation. It is 
known that the ‘healthy’ side in hemiparetic patients also shows motor disturbances 
Baldiserra et al., 1994). Even pathological stretch reflexes have been observed on the 
‘good’ side of hemiparetic patients (Thillmann et al., 1990). Thus, it is not surprising that 
also the non-spastic arm displayed a prolonged latency in response to changes in target 
position.
Alternatively, the finding that these latencies are very short in healthy participants 
(Brenner & Smeets, 1997; Prablanc & Martin, 1992, Soechting & Lacquaniti, 1983) may 
well indicate that only sub-cortical processing is involved (see also Pierrot, 1996 for the 
putative role of the propriospinal pathway). This may very well be the case since it is 
known that healthy participants can respond to changes in the environment without even 
being aware of it (Bridgeman et al., 1979; Goodale et al., 1986; Pelisson et al., 1986; 
Prablanc & Martin, 1992) and on the mere basis of internal feedback-loops only (Bard et 
al., 1999).
In this context it is informative to know that the hemiparetic participants in our 
experiment suffered from cerebral palsy, a condition primarily associated with upper 
motor neuron damage (Shumway-Cook & Woollacott, 1995). Upper motor neuron 
damage only leaves sub-cortical processes, possibly responsible for the earliest responses, 
intact. Then it might be reasoned that no difference in latency between the arms of the 
hemiparetic participants should have occurred. As such, only volitional movements that 
require cortical mediation may be disrupted but more reflexive reactions to sudden 
changes in the environment may have remained unaffected. We, however, do not know if 
the hemiparetic participants in our experiment indeed only suffered from upper motor 
neuron damage since they are students rather than patients and therefore elaborate 
diagnostic information was not available. This reasoning however might explain the 
absence of a between arm difference for the hemiparetic participants when responding to 
changes in target position during movement. Moreover, combined with the existence of 
pathological stretch-reflexes in both arms, the results become explainable.
Recently, however, studies have indicated that the posterior parietal cortex (PPC) may 
be actively involved in fast adjustments during arm movements (Pisella et al., 2000; 
Desmurget et al., 1999). If this indeed is the case then our reasoning given above becomes 
invalid. Suppose that the PPC is responsible for the fast adjustments of arm movements to 
changing target positions. Since cerebral palsy is associated with upper motor neuron 
damage, it might be that the PPC has been damaged as well but, if so, only unilaterally in
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hemiparetic cerebral palsy. Then, it might be reasoned that deficits in responses to changes 
in target position should only be observed in the impaired side, which was not the case in 
the present study. Although this reasoning seems valid in its own right, we must add the 
notion that during the many years that the damaged motor system had time to adjust, 
ipsilateral branching of presynaptic axons may have occurred (Benecke et al., 1991; 
Farmer et al., 1991). Then, fast adjustments of the spastic arm (and also non-spastic arm) 
may be controlled by the ipsilateral and undamaged side. This might also explain the 
absence of a between arm difference in fast adjustments, although it does not explain the 
small but significant delay.
Although the hemiparetic participants were capable of responding adaptively within the 
current setup, an interesting question that remains is if these participants will also be 
capable of responding correctly to very unexpected perturbations. In the current setup, 
participants most likely anticipated a perturbed trial on every trial since in 80% of the 
cases the target would start to move after hand movement onset. Further study of this 
aspect is needed to arrive at conclusive statements in this respect.
In sum, although hemiparetic participants respond later to changes in target position 
than the control subjects, the magnitude of this effect was surprisingly small. The 
hemiparetic participants did produce significantly more errors with their spastic arms and 
also moved significantly slower. Still they displayed the ability to respond adaptively to 
the changes in the target position and even responded differentially to the various target 
velocity conditions. Moreover, the spastic arm did not react slower than the non-spastic 
arm. Given the typical symptoms associated with the disorder this demonstrates 
remarkable movement flexibility with the spastic arm. Such demonstration contributes, in 
our view, to the search for the exact nature of the control problems in spastic hemiparesis.
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6General discussion and conclusions
In chapter 1 an introductory overview was given of the main research questions and 
findings of the experiments reported in this thesis. Although each of the previous chapters 
has a discussion of its own, it is now time to focus specifically on the possible relevance 
of these findings for the central themes in motor theory as briefly addressed in the 
introduction. We use this organization in the current chapter because the research 
presented in this thesis is not explicitly embedded in a single theoretical framework. 
Where possible, the present findings are related to the work of others, and additional 
topics concerning the measurement of spasticity and regarding the possible drawbacks of 
comparisons between unimanual and bimanual movements are addressed.
Degrees o f freedom problem
In chapter 2 it was shown that a principle of straight line production may apply to both 
workspace and joint space. Although it must be mentioned that this tendency was stronger 
in workspace, the principle of straight line production in joint space is probably also a part 
of the way in which humans plan arm trajectories. This principle may especially apply 
when many joints are involved, i.e., when there is a large redundancy in the number of 
effectors involved. Moreover, the finding that the straight-line principle applies to both 
workspace and joint space concurrently is a finding worth noting and supported by 
Kawato (1996). Indeed, several other principles have been put forward over the years. It 
must be stressed that the assumption of multiple processes operating concurrently does not 
constitute a problem in that these principles should exclude each other. These different 
principles concur but do not necessarily have to compete. Depending upon the task at hand 
and the context, the relative contribution of a given principle may vary.
Ironically, each principle put forward may be seen as constituting an additional degree 
of freedom for the motor system. The question now becomes one of how the motor system 
chooses which principle(s) to apply to subsequently solve the degrees of freedom problem. 
Context and task requirements may strongly influence the relative weight of the principles 
operating concurrently. For example, in a task where the spatial requirements are high, the 
principle of straight-line hand paths may predominate. Contrarily, in a reaching task in 
three-dimensional space straightness of joint-space paths may prevail. It is a task for 
psychomotor theorists to solve this second order degrees of freedom problem. Moreover,
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interactions between coordinative-principles are also likely to occur and coordinative 
principles incorporating kinetic forces, not just kinematics, should be included.
A model of human motor behavior that deals with the problem of assigning an order to 
multiple constraints that operate concurrently is the model by Rosenbaum et. al. (1995, 
1999). In the model the actor is assumed to construct a task specific constraint hierarchy. 
This assumption elegantly emphasizes the fact that a critical component of skill is the 
capacity for changing how one wants to perform in different circumstances (cf. 
Meulenbroek et. al, 2001).
It might be reasoned that for a hemiparetic participant one of the task constraints is 
having to move with an impaired motor system. This may result in either additional 
coordinative principles (e.g. minimizing spasms) that are active or it might result in a 
different prioritizing of existing coordinative principles. As such the motor behavior of 
hemiparetic participants deviates from ‘normal’ movements, but these may simply be 
expressions of healthy movement execution given their non-optimal control over the 
effector system. The relatively large contribution of the trunk during hemiparetic arm 
movements may serve as a case in point. It has been suggested that minimizing total cost 
of movement may be an important coordinative principle. Degrees of freedom that are 
recruited to perform a given task are selected based upon a minimization of the associated 
costs. These costs might be defined in terms of mass per effector involved, or costs per 
degree rotated for joints. It is clear in hemiparesis that the functional range of motion for 
the elbow and wrist are decreased. Therefore it might well be that it is ‘expensive’ to 
rotate the wrist and elbow and consequently increases in the rotation of otherwise 
expensive joints (e.g. rotation at the hip) may be required to still allow reaching for an 
object.
It is exactly this phenomenon that is demonstrated in a recent paper by Meulenbroek et 
al. (2001). In this paper the negative effects of reducing the range of motion of those joints 
that are typically impaired in hemiparesis, on the size of the reachable workspace indicate 
that trunk involvement is required to perform the task at hand. Furthermore, more costly 
joints require, by definition, more movement time (Meulenbroek, 2001). Thus, the model 
also captures the increases in movement time generally observed in spastic hemiparesis. 
One observation the model does not capture, however, is that joint rotation in spastic 
hemiparesis proceeds in a generally more sequential manner because in the model joints 
typically rotate according to a straight line in joint space. It is to this phenomenon that we 
turn next.
Serial order and coordination problem
As mentioned in the introduction, a central theme in motor control is how movement 
parts are sequenced and coordinated and how fluent transitions between movement parts 
are accomplished. Generally, human movements are smoothly executed and multiple
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segments (joints) move concurrently. These two characteristics seem to be affected by 
spastic hemiparesis. Smoothness of movement was shown to be affected in almost every 
study reported in this thesis. Spatial variability was even shown to discriminate better 
between the arms of hemiparetic participants as compared to the commonly used measure 
of movement time for hitting movements toward stationary targets. In the study reported 
in chapter 3 it was shown that spastic movements are performed more sequentially 
compared to healthy movements. This same conclusion was also drawn in a study by 
Steenbergen et al. (2000). A clear fragmentation of reaching and grasping movements was 
observed, mainly due to a large shoulder involvement at the start of movement concurrent 
with little or no elbow extension. An interesting explanation of this phenomenon could be 
that the participants try to minimize the total number of joints rotating concurrently, i.e., 
limit the amount of concurrent control. As such the amount of fragmentation may well be 
an index of the level of impairment. We address this important implication for the clinical 
practice later on in this chapter (Measuring spasticity).
Perceptual motor integration problem
In chapter 4 a study involving hitting movements toward stationary and moving targets 
is reported. Although the spastic participants performed worse with their spastic arm when 
hitting moving targets compared to hitting stationary targets, the increase in the number of 
misses was small. We expected that more misses would be made when hitting moving 
targets because we reasoned that hemiparetic participants would experience difficulties 
with continuously updating their movement in accordance with the changing target 
position. Actually, we observed several beneficial effects of target movement upon the 
performance of the spastic arm. Movements toward moving targets were initiated earlier 
and were performed faster. Two explanations are possible for these unexpected results. 
First, a strong perceptual-motor coupling may come into play that enhances movement 
performance. The results of the experiments reported indicate that participants with 
hemiparesis are indeed capable of integrating target characteristics such as position and 
speed into their movements. Even the healthy movement characteristic of moving faster 
toward faster moving targets was observed. It seems that the difficulties that hemiparetic 
participants experience with their movements are not caused by problems with the 
perceptual motor integration but instead with movement execution only. Second, the 
participants perhaps performed the task in a way different than expected. We designed the 
experiment so that participants would initiate the movement quickly and that they 
subsequently needed to track the target and thus continuously update their movement. In 
the experiment, however, it sometimes appeared that participants performed the task rather 
as an interception task, i.e., they started to move directly toward a position where they 
would hit the target. Although we instructed them to react as quickly as possible, we 
provided no feedback on reaction time and therefore participants may have behaved
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differently. This reasoning is strengthened by the finding that no effects of target velocity 
were observed upon reaction time. Such an effect would be expected if participants 
attempted to minimize reaction time. Therefore, the question whether participants with 
hemiparetic cerebral palsy can continuously adjust the movements of their spastic arm in 
accordance with the changing position of a moving target has not been answered 
conclusively. A task in which the participants would explicitly be required to track the 
target might answer the latter question. Still, the experimental results did show that the 
participants aimed toward a position further ahead of the target when hitting faster targets. 
This indicates that the perception of target velocity is successfully integrated in the motor 
act.
Modeling (spastic) motor control
Although modeling of motor control was not mentioned in chapter 1 as a main theme in 
the study of human motor control since it was not a core component of the present thesis, 
we feel the need to address some implications in this regard since modeling efforts may 
contribute to our understanding of motor behavior and may prove useful for assessment in 
the clinical practice.
Models of human motor behavior are generally formulated at a given level of 
abstraction. Ranging from sheer physiological models through formalized laws of 
movement to psychological models of motivation, strategy and decision making, each 
model captures some aspect of movement. Good models should remain parsimonious 
while providing adequate description and explanation at multiple levels of abstraction.
In a paper by Smeets and Brenner (1995) a naive model was successfully applied to 
describe the lateral hand displacements of hitting movements toward stationary targets. 
The model consisted of a linear damped oscillator with a mass of 1 kg, k (stiffness) and b 
(viscosity) as parameters that were free to vary. Under the assumption that during the 
experiment the parameters k and b remain constant the model could accurately describe 
the experimental data. The parameter estimations resulting from fitting the model to the 
data can subsequently be used to characterize the motor behavior of (spastic) participants.
Without suggesting that the thus obtained values for k and b resemble actual physical 
stiffness and viscosity parameters (see also Latash & Zatsiorsky 1993 for an excellent 
critique on the use and abuse of the term stiffness), we tried to establish whether such a 
model can also be utilized to characterize spastic hemiparetic movements. The prediction 
then would be that possibly the k and b parameters resulting from fitting the linear damped 
oscillator to the data would differ significantly from the parameter estimations found in 
healthy participants and would possibly provide us with a measure more suitable than 
traditional kinematic parameters such as movement time. We used the data of the 
experiment described in chapter 4 to examine these questions (Van Thiel et al, 1998 NICI 
technical report). Recall that in that experiment both healthy and hemiparetic participants
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performed hitting movements toward stationary and moving targets with their preferred 
arm and with their non-preferred arm. To estimate stiffness and viscosity parameter values 
per subject and per arm, time-normalized lateral hand-displacements for movements 
toward the stationary targets were fitted to the linear mass-spring equation. The 
hemiparetic subjects displayed a lowered stiffness parameter as compared to healthy 
control participants but no significant changes in the viscosity parameter were observed. 
Where one might be tempted to reason that the typical increases in ‘stiffness’ observed in 
spastic hemiparesis would have led to increases in the ‘stiffness’ parameter of the mass- 
spring model, the relationship between these two different stiffnesses is evidently much 
more obscure. The findings suggest that the decrease in the fitted stiffness parameter 
simply and only reflects the decreased movement time of the arm movements of the 
hemiparetic participants. Therefore we have to conclude that for the given study the 
parameter estimates do not provide a better descriptive means as compared to the more 
traditional parameter of movement time. Most probably non-linear characteristics will 
have to be added to the model.
The equilibrium point model has been, and still is, an influential model. Considerable 
evidence for this model has been presented (Latash, 1993). Without addressing in this 
context the bulk of the literature that has been published on this topic or even the actual 
specifics of the model itself, we refer to the model because it may also provide a good 
framework to test the specifics of spastic hemiparesis as a disorder. Stated roughly, in this 
model neuro-muscular equilibrium positions are specified by the nervous system, which, 
when different from the current position cause the system to shift to the specified position, 
i.e., the motor system displaces the effector smoothly toward the newly specified 
equilibrium position.
Another prominent theory of motor control closely related to the equilibrium point 
hypothesis is the lambda model (Feldman & Levin 1995). In the model it is suggested that 
motor neuron threshold properties play an important role in the regulation of active 
movement. According to the lambda model, the reflex responsiveness is modulated by 
adjustments of the motor neuron pool excitation threshold. Therefore, the reflex 
mechanism, which at first sight may be seen as a sensory process only, is considered to 
play an essential role in controlling active movement. The intimate relation between 
kinesthesia and efferent control may indeed be a useful theoretical framework within 
which to describe spasticity as a motor disorder (cf. Mon-Williams et al. 1999).
One of the assumptions of the lambda model and also of other models of motor control 
(Bullock & Grossberg 1991) is that the stiffness of the effector system is controlled by 
varying the amount of cocontraction of antagonistic pairs of muscles. Appropriate stiffness 
levels are required to maintain stability during motion and, of course, to control balance in 
general. Consequently, due to an inability to regulate appropriate stiffness levels 
underlying the stability of movement, increased levels of movement variability in the task
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performance of hemiparetic participants may be expected. Indeed, increased levels of 
variability were observed in each study reported in this thesis. Therefore, the possible 
relevance of the models mentioned becomes apparent.
The model by Rosenbaum et al. (1995) was already briefly addressed in the paragraph 
on the degrees of freedom problem. The model successfully captures aspects of healthy 
movements but was also shown to be capable of displaying hemiparetic movement 
characteristics during simulated grasping movements.
Any of these models, at any of their given level of abstraction, should be able to 
describe and/or explain the typical characteristics of hemiparetic arm movements. 
Questions of interest then become whether such a model can explain the typical 
phenomena of spastic hemiparesis such as increased variability, increased movement 
times, and different sequencing of the effectors involved in the movement.
Measuring spasticity
A primary characteristic of spastic movements is that they are performed more slowly 
than non-spastic movements. As just mentioned, this characteristic may indeed be a good 
clinical measure of the degree of impairment. However, in chapter 3 it was shown that 
participants with mild to moderate hemiparetic cerebral palsy were capable of performing 
fast movements. They performed hitting movements at a speed which was not 
significantly different from the speed of their non-spastic arm. In this experiment they 
were explicitly instructed to move as fast as possible. Consequently, the participants made 
more errors with their spastic arm and the spatial variability of their movements 
discriminated strongly between the spastic and non-spastic arm. It seems that, for a large 
part at least, the slowness of movement may be a strategic choice of the participant. 
Indeed, when we bear in mind that spasticity is velocity dependent, slowing down 
decreases the degree to which movements are beyond control.
As such, measuring speed of movement to obtain an indication of impairment may be 
suitable, but it must be realized that other factors, such as strategic choices on behalf of the 
participant, may also determine the outcome. Consider, for example, the performance of a 
highly motivated participant versus the performance of a completely unmotivated 
participant. Although both participants may be equally impaired, the outcome of a 
diagnostic test which only measures speed of movement may have differential 
consequences for the participants with respect to schooling, rehabilitation practices and 
future prospects related to labor.
Clearly, it would be better to have measurements that are dependent upon the 
impairment only. Recall that in chapter 3 movement time toward stationary targets did not 
discriminate between the arms of hemiparetic participants, but spatial variability did. 
Perhaps then the variability of movement is a better candidate for measuring the amount of
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impairment as compared to movement time. Obviously, speed and variability are strongly 
inversely related, therefore it may be concluded that a combination of speed of movement 
and spatial variability would most probably be the best assessment measure.
Fragmentation of movement was already mentioned as a means for assessing the degree 
of impairment. Fragmentation of movement may be defined at several levels of 
observation. First, entire segments may be sequentially involved. This was shown in the 
study reported in chapter 3 where hand and shoulder reached their peak velocity at 
significantly different moments in time compared to the non-impaired arm (even during 
bimanual movement execution). The phenomenon was also shown in the study by 
Steenbergen et al. (2000) where a clear fragmentation of reaching and grasping 
movements was observed, mainly due to a large shoulder involvement at the start of 
movement concurrent with little or no elbow extension. Besides the fragmentation of 
entire segments, fragmentation may also be observed at another level of observation. 
When we consider the typical velocity profiles of spastic hand movements, it becomes 
apparent that significant increases in the number of velocity inversions in the velocity 
profile are present. These increases in the number of velocity inversions have been used in 
this thesis to characterize spastic arm movements as less fluent or more variable. Where 
large fragmentation (entire segments) may be seen as either strategic or part of the 
impairment, smaller fragmentation (increases in velocity inversions) may perhaps be seen 
as pathological only. Indeed, a topic of interest should be clinical judgments of just which 
aspects of pathological movements are functional and which pathological. This 
differentiation is required to provide good clinical measurements of degree of impairment.
Comparing unimanual with bimanual movements
The unique comparison that is possible in hemiparetic participants between an impaired 
an unimpaired side, has also given rise to several experiments in which the performance of 
the impaired arm when it moves in isolation is compared to its performance during 
bimanual task execution. Such comparisons have been made in the experiments reported 
in chapter 3. However, the question of just how valid these comparisons are deserves 
attention. Consider the example of comparing the arm movement of a participant reaching 
to grasp and lift a lump of sugar compared to the arm movement of that same participant 
while reaching to lift an iron. Not only will differences in grip type (precision versus 
power grip, respectively) become apparent but differences in movement time, movement 
fluency and the amount of trunk involvement are also most likely to occur. These 
differences, of course, are caused by the differences between the tasks. Now consider the 
differences between moving your hand in isolation toward an object with moving your 
hand toward the same object while it is accompanied by a movement of your other hand. 
Clearly, differences in performance may be caused by additional task differences besides 
the unimanual versus bimanual task difference.
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Performance differences that may appear could include trunk rotation during unimanual 
task execution versus trunk translation during bimanual task execution. Also, during 
unimanual task execution all visual attention can be directed at a single object and the 
non-participating arm can be used for support purposes. These beneficial circumstances 
are absent during bimanual task execution where two objects have to be reached for, and 
the trunk has to be stabilized without the aid of a supporting arm. As such, researchers 
must take care not to consider the movements of an arm moving in isolation as fully 
comparable with the movements of the same arm during bimanual task execution. 
Consequently, the observation that no improvement in the spastic arm is observed as a 
result of moving with both arms simultaneously does not prove that such facilitation does 
not exist. Suppose that such facilitation does exist, but attentional factors and additional 
needs to stabilize the trunk during bimanual task execution deteriorate task performance, 
then incorrect conclusions might be drawn. In the worst case, any positive effects of 
bimanual movement execution upon the movement of the spastic arm that might be 
exploited in a clinical setting, would wrongfully be excluded.
Unstable but flexible movements in spastic hemiparesis?
The striking ability of hemiparetic participants to adjust the movement of their spastic 
arm to sudden changes in target position is the main finding of the experiment reported in 
chapter 5. Their adaptiveness to these target perturbations was particularly noteworthy 
since they occurred only 25 ms later compared to that in healthy control participants. The 
question of interest now might be whether hemiparetic participants can also cope with 
physical perturbations rather than the (visual) target perturbations of our experiment. Put 
differently, can participants with hemiparetic cerebral palsy complete a movement after it 
has been perturbed? Although this thesis does not address this question we can speculate 
on some of the possible outcomes of such an experiment. Perhaps a perturbation halts the 
entire movement or causes task failure on each trial. Such outcomes would indicate that 
physical perturbations cannot be overcome by hemiparetic participants or cannot be 
corrected in time, either because corrections occur too slowly or unwanted reflexes are 
elicited. On the other hand, given the findings that participants with hemiparetic cerebral 
palsy demonstrate remarkable adaptiveness in adjusting movements in response to sudden 
changes in target position, it might well be that they are also capable of continuing their 
movement. These questions are certainly worth investigating in subsequent studies.
In this thesis we did not test stability defined as resistance to physical perturbation. We 
did, however, use the term stability to characterize the amount of variability in spastic 
hemiparetic movements. In sum we may conclude that although spastic hemiparetic 
participants are surprisingly flexible in adjusting their movements, the variability of their 
movement reflects diminished movement stability, i.e., their spastic arm is relatively 
unstable. The instability may be seen as being caused by continuous self perturbations,
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which occur involuntarily or, as one of the participants stated, ‘my arm does not do what I 
tell it to do’.
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Samenvatting
Samenvatting
(On)geordende arm motoriek in hemiplegische cerebrale parese
Het gemak waarmee we lopen, typen of iets grijpen en optillen staat in schril contrast 
met de complexiteit en ons tekort aan begrip van de onderliggende motorische processen 
en de neurobiologie van het motorisch systeem. Met het grootste gemak reiken we naar 
objecten maar wanneer we nauwkeurig gaan kijken, of wanneer motoriek verstoord is 
door trauma of ziekte, wordt het duidelijk hoe enorm complex zelfs de meest eenvoudige 
motorische handelingen zijn.
Wetenschappers die werkzaam zijn op het gebied van de menselijke motoriek hebben 
vele methoden bedacht om motorisch handelen te onderzoeken. Een van de 
mogelijkheden, die ook in dit proefschrift is gehanteerd, is het meten en analyseren van de 
tijd-ruimtelijke aspecten van eenvoudige armbewegingen van gezonde proefpersonen (zie 
hoofdstuk 2). Daarnaast wordt er in dit proefschrift bijzondere aandacht geschonken aan 
de verstoorde arm-motoriek van jongeren met eenzijdige spasticiteit ten gevolge van 
hersentrauma vroeg in hun motorische ontwikkeling (hoofdstukken 3, 4 en 5).
In hoofdstuk 2 van dit proefschrift wordt een studie gerapporteerd naar eenvoudige 
armbewegingen uitgevoerd door gezonde proefpersonen. De vraag die centraal stond was 
welke bewegingsprincipes mensen gebruiken wanneer ze een armbeweging maken van 
punt A naar punt B. Wanneer gezonde mensen naar een object reiken doen ze dat 
doorgaans op een zodanige manier dat het pad dat de hand aflegt volgens een vloeiende 
rechte lijn verloopt. Een dergelijke invariante eigenschap biedt naar alle 
waarschijnlijkheid inzicht in de mechanismen en processen die ten grondslag liggen aan 
menselijke bewegingen. Wellicht streeft het menselijk motorisch syteem naar rechte 
vloeiende lijnen in de werkruimte. Een ander principe dat is voorgesteld, is dat mensen 
van de ene houding naar de andere houding bewegen door alle betrokken gewrichten 
gelijktijdig te rotereren. Dit principe komt overeen met een rechte lijn in de 
gewrichtshoekruimte. De vraag die zich nu aandient is of het principe van rechte lijnen in 
de werkruimte of het principe van rechte lijnen in de gewrichtshoekruimte van toepassing 
is wanneer gezonde proefpersonen eenvoudige armbewegingen maken van punt A naar 
punt B.
Deze vraag is getoetst in een experiment waarbij uit de resultaten bleek dat beide 
principes weleens tegelijkertijd werkzaam zouden kunnen zijn. De beide principes, en 
wellicht nog diverse andere, hoeven echter niet te conflicteren met elkaar. Alleen in 
gevallen waarbij er weinig gewrichten betrokken zijn, kunnen de twee genoemde principes 
niet altijd met elkaar verenigd worden. In het experiment bleek verder dat de rechtheid van 
paden in de werkruimte sterker was dan de rechtheid van paden in de
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gewrichtshoekruimte. Dit kan wellicht verklaard worden vanuit de gestelde taak. In een 
overwegend ruimtelijke taak, zoals in het onderhavige experiment, kan het zo zijn dat het 
principe van rechte lijnen in de werkruimte een dominante rol heeft. In een taak waarbij de 
ruimtelijke eisen lager zijn, en waarbij veel gewrichten betrokken zijn, kan het principe 
van rechte lijnen in de gewrichtshoekruimte wel eens dominant zijn.
In de hoofdstukken 3 tot en met 5 worden experimenten gerapporteerd die betrekking 
hebben op de verstoorde armmotoriek van jongeren met een eenzijdige spastische 
verlamming ten gevolge van een cerebrale parese. Spasticiteit is een motorische 
aandoening waarbij tijdens de uitvoering van bewegingen overmatige samentrekkingen 
van spieren optreden. Hierdoor onstaat er een onvermogen om de motoriek goed te 
controleren. Afhankelijk van de locatie en de ernst van het hersentrauma kunnen er 
verschillende verstoringen optreden. Naast spasticiteit in armen en benen kan ook de 
spraak verstoord zijn. Verder is het mogelijk dat er psychische en gedragsproblemen zijn 
en kunnen er problemen optreden met betrekking tot cognitieve vaardigheden zoals lezen, 
horen en leren. Hoewel de aandoening niet te genezen is, kunnen mensen met deze 
aandoening een grote persoonlijke groei doormaken. Het gegeven dat de spastische 
jongeren eenzijdig zijn aangedaan biedt de unieke mogelijkheid om een aangedane arm te 
vergelijken met een niet-aangedane arm. Hoewel de niet-aangedane arm ook kleine 
verstoringen vertoont, blijft de vergelijking tussen de armen goed hanteerbaar.
Van deze vergelijkingsmogelijkheid is bijvoorbeeld uitgebreid gebruik gemaakt in de 
experimenten die beschreven staan in hoofdstuk 3. In deze experimenten hadden de 
proefpersonen als taak om zowel eenhandig als met twee handen sla-, reik- en 
grijpbewegingen te maken naar objecten van verschillende grootten.
Bij gezonde armbewegingen is de romp doorgaans een integraal onderdeel van de 
beweging. Ook bij spatische armbewegingen neemt de romp actief deel aan de beweging. 
Sterker nog, vele studies hebben aangetoond dat juist bij spastische bewegingen de romp 
een grotere bijdrage levert in vergelijking met gezonde armbewegingen. Door de mate van 
betrokkenheid van de schouder- en handverplaatsing te meten, en door te kijken naar de 
momenten waarop deze verschillende segmenten betrokken zijn bij de beweging, hebben 
we geprobeerd in kaart te brengen wat de rol en invloed van de schouderverplaatsing is in 
spastische armbewegingen. De volgende meer specifieke vragen stonden hierbij centraal. 
Ten eerste, is de verhoogde betrokkenheid van de schouder in spastische bewegingen 
pathologisch of juist functioneel? Ten tweede, hoe verloopt de sequentiëring van de 
betrokkenheid van schouder en hand in spastische armbewegingen? Bij gezonde 
proefpersonen verloopt dit veelal gelijktijdig (rechte lijn in gewrichtshoekruimte). Ten 
derde, heeft de mate van betrokkenheid van de schouder effect op de vloeiendheid van de 
handbeweging? Ten vierde, hoe variabel is de sequentiëring van de hand- en 
schouderverplaatsing?
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De resultaten van de experimenten laten zien dat jongeren met spastische hemiplegie 
een andere sequentiëring gebruiken met hun spastische arm in vergelijking met hun niet­
spastische arm. Schouder en hand zijn veel meer na elkaar dan tegelijkertijd betrokken bij 
de uitvoering. Het principe van een rechte lijn in de gewrichtshoekruimte lijkt daarom 
minder op te gaan voor spastische armbewegingen. Verder bleek dat de variabiliteit van de 
sequentiëring niet significant groter is in de spastische arm. Dit in tegenstelling tot eerdere 
bevindingen van andere onderzoekers.
Tijdens tweehandige uitvoering van de verschillende taken heeft de romp een grotere rol 
in de uitvoering in vergelijking met eenhandige uitvoering. Dit heeft echter geen invloed 
op de mate van vloeiendheid van de handbeweging. Deze observatie is doorgaans ook 
waar te nemen bij gezonde proefpersonen. Samenvattend kan gesteld worden dat de 
bewegingsuitvoering die spastici kiezen wanneer ze bewegingen maken met hun 
aangedane zijde een adequate adaptatie is aan de verstoorde controle over hun motoriek.
De experimenten die gerapporteerd staan in hoofdstuk 4 en 5 van dit proefschrift zijn 
nauw verwant. In het experiment gerapporteerd in hoofdstuk 4 hadden hemiplegische en 
gezonde proefpersonen als taak om naar cirkels te slaan die geprojecteerd werden op een 
projectiescherm. Deze cirkels stonden ofwel stil of bewogen met een constante snelheid 
over het scherm. In hoofdstuk 5 is een experiment beschreven met dezelfde taak maar nu 
stonden de cirkels ofwel stil, of ze begonnen te bewegen direct nadat de proefpersoon zijn 
sla-beweging had ingezet. Vooral deze laatste conditie is interessant omdat proefpersonen 
dan een beweging moeten aanpassen die al gaande is.
Zeer opvallend was dat bewegingen die met de spastische arm werden gemaakt naar 
stilstaande cirkels niet significant langzamer waren dan bewegingen die met de niet­
spastische arm werden gemaakt naar stilstaande cirkels. Doorgaans is het zo dat de 
spastische arm beduidend langzamer is dan de niet-spastische arm. Het lijkt erop dat de 
traagheid van bewegen die meestal wordt geobserveerd bij de spastische arm een bewuste 
strategische keuze is van de proefpersoon. De proefpersoon ‘weet’ dat de spastische arm 
minder goed controleerbaar is en beweegt daardoor minder snel om meer controle en 
accuratesse te bewerkstelligen. Omdat de proefpersonen dit in dit geval dus niet deden 
waren de bewegingen significant meer variabel en werden er bijgevolg meer fouten 
gemaakt met de spastische arm.
De bewegingen die met de spastische arm werden gemaakt naar bewegende doelen 
lieten enkele interessante resultaten zien. Ten eerste werd gevonden dat hemiplegische 
proefpersonen met hun spastische arm op een manier naar de cirkels sloegen die goed 
vergelijkbaar was met hun niet-spastische arm. Deze manier was bovendien niet anders 
dan die van gezonde proefpersonen. Wanneer een bewegende cirkel verscheen op het 
projectiescherm begon de beweging altijd in de richting van een positie vóór de cirkel, 
oftewel naar een positie waar het doel over enige tijd zou zijn. De afstand tussen de locatie 
waar het doel was en de positie waarnaartoe werd bewogen, varieerde verder als een
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functie van de doelsnelheid. Bij snellere doelen werd er verder vóór het doel gemikt. Ook 
was het zo dat de snelheid waarmee geslagen werd varieerde als functie van de 
doelsnelheid. Naar snellere doelen werd sneller geslagen. Al deze bevindingen wijzen 
erop dat ‘prospectieve’ informatie goed gebruikt wordt tijdens de motorische uitvoering en 
dat ‘prospectieve’ controle dus niet is aangedaan.
In hoofdstuk 5 wordt een experiment beschreven waarin hemiplegische proefpersonen 
sla-bewegingen moesten maken naar cirkels die stilstaand werden aangeboden maar die 
direct volgend op de start van de slag konden gaan bewegen. Als de cirkel ging bewegen 
kon dit naar links of naar rechts zijn in een van twee snelheden. Deze experimentele taak 
verlangt, voor een succesvolle taakuitvoering, dat de proefpersoon in staat is om een reeds 
ingezette beweging aan te passen. De verwachting was dat de hemiplegische 
proefpersonen dit niet goed zouden kunnen met hun spastische arm.
De resultaten hielden twee belangrijke gegevens in. Op de eerste plaats bleek dat de 
hemiplegische proefpersonen wel meer fouten maakten met hun spastische arm, maar dat 
ze dezelfde bewegingsstrategie vertoonden als met hun niet-aangedane arm, en dat ze in 
dit opzicht leken op gezonde controle proefpersonen. Hoewel de reactie op het in 
beweging treden van de cirkel vertraagd was bij de hemiplegische proefpersonen (zoals 
verwacht), was deze vertraging slechts 25 ms. Deze bevindingen tonen aan dat 
proefpersonen met een milde spastische hemiplegie nog in staat zijn om flexibel motorisch 
gedrag te vertonen.
Samenvattend kan gesteld worden dat de mild hemiplegische proefpersonen die 
deelnamen aan de experimenten nog opvallend flexibel zijn, maar dat hun bewegingen 
meer variabel ofwel relatief instabiel zijn. De instabiliteit kan gezien worden als het 
resultaat van continue verstoringen die vanuit het systeem zelf worden gegenereerd. Deze 
verstoringen treden onwillekeurig op of zoals één van de proefpersonen zei “mijn arm 
doet niet wat ik zeg dat hij moet doen”.
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